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SYNOPSIS 


Wearing action of Solid Sliding Surfaces 
plays an extremely important role in determining the 
life of mechanical systems with moving, members. It 
also determines the life of cutting tools and ulti- 
mately the productivity of a machining system. It 
is realised that wear is a very complex phenomena, 
involving interaction of several physical processes 
simultaneously. Thus, while several empirical app- 
roaches have been used to improve the wear charac- 
teristics of rubbing solids, scientific analysis of 
the basic mechanisms involved arc extremely necessary. 
It has been confirmed by a large number of experiments, 
conducted recently, that the application of external 
magnetic field affects the wear rate of cutting tools 
to a considerable extent. Till now, no scientific 
study has been made of the phenomenon an'd no explana- 
tion for the effect has been found out. 

The objective of tills work is to look into 
the basic problem of wear of Solid Surfaces with sli- 
ding contact in the presence of an externally applied 
steady magnetic field. It has been shown that Inter- 

i 

nal stresses, developed during deformation in a ferro- 
magnetic body, are reduced when an external magnetic 
field is applied. This results in increased mobility 



of dislocations. It is postulated from this result 
that creep rate of a ferromagnetic body should get 
enhanced under the influence of an external magnetic 
field. This has been corroborated by experimental 
results. An asperity junction model for wearing of 
motalic surfaces has been proposed and it has been 
shown that the application of external mine tic 
field causes faster agglomeration of dislocations 
at the notches , This fact has been used to explain 
the enhancement of wear of the body having higher 
magnetic permeability „ 

A large number of expert: ents have been 
conducted with different combinations of ferromagne- 
tic and non-magnetic metals, for instance, iron, 
nickel, mild steel, high speed steel, brass, alumi- 
nium etc. Experimental results are in good agreement 
with the theoretical predictions . It is found that 
when the velocity of rubbing is increased the effect 
of magneticfield increases in magnitude first and 
then drops after reaching an optimum value . 

VJh.cn a sufficiently strong magnetic field is 
applied to E.S.S. tools cutting mild steel workpiece 
the increase in the tool life can go upto 40 % depend- 
ing upon the machining speed. The question of en- 
hancement of diffusion also has been discussed and 
its effects have been postulated which agree with the 
experimental observations satisfactorily. 



CBAPTER I 


INTRODUCTION 

1*1 Introduction 

It is a well established fact that when, two 
solid bodies, in contact, are in relative sliding mo- 
tion, surface deterioration invariably occurs. The 
surface deterioration ultimately leads to the wear of 
these bodies. As there is hardly any mechanical sys- 
tem which does not comprise of members with relative 
sliding motion, the 'process capability* and the 
’productivity'* obtainable from such a system are very 
much governed by the wear characteristics of its sur- 
faces. This makes the wear of sliding surfaces an 
extremely important aspect of manufacturing sciences 
and engineering. 

Wear has been recognized to be a complex 
phenomenon in which several processes act simultaneous- 
ly i Depending upon the nature of the surfaces, the 
environment and the demands of the particular situation 
wear may be considered to be tolerable or devastating. 

The complexity of the problem has not rendered it easy 
to arrive at a comprehensive analytical solution of 
general nature. Most of the effort of research workers 
has gone in providing empirical solutions to meet the 
needs of a specific situation. These empirical solutions 
may be considered to be based on two approaches* 



First approach is to improve the hulk pro- 
perties of the material. The second approach is to 
improve the surface characteristics and nature of 
contact. 

An important class of the wear problems is 
the' .tool wear, specifically the cutting tool wear. 
Cutting tool wear directly determines the process capa- 
bility as- well as productivity of the machining opera- 
tions. As such, the problem has assumed a significant 
position among the problems facing the manufacturing 
industry. The distinctive features of cutting tool 
wear are, . ' 

i) cutting tool wear occurs at relatively high 
speeds and temperatures, 

ii) in cutting tool wear, the wearing of the work 
material is not considered as disadvantageous. 
In fact, excellent wear characteristics of the 
work piece are considered to be desirable from 
practical point of view, as it reduces the 
wear of cutting tools . 

Thus, in attempting to reduce the tool wear, 
in addition to the two 'approaches mentioned above, a 
third approach is also practicable and is widely prac- 
ticed. This approach may be outlined as, the 

i) reduction in the strength of the work piece 
by localised heating or by adding suitable 
additives to the material, and 



ii) the application of suitable lubricants and 
gaseous atmosphere to reduce the accumula- 
tion of heat at the cutting edge . 

Ever since Taylor’s classical paper (1) 
large number of workers have investigated the problem 
of cutting tool wear,'’ using various approaches. Con- 
siderable evidence exists that adhesion and diffusion 
wear have been found to be predominant under metal 
cutting conditions . 

It is to be noticed (2 - 9) that during the 
last several years wear problem has been tackled on 
the basis of interdisciplinary approach by many wor- 
kers, as the problem is really so in its nature. In 
the present work also such an approach is attempted 
to a limited extent. 

In the present work, wear has been studied 
as a general problem of interaction between two idea- 
lised asperities. These idealised asperities are 
expected to represent the microscopic behaviour of 
their respective bodies. An external magnetic field 
is expected to affect the dislocation mobility which 
governs the fracture characteristics and plastic defor- 
mation. Extension of these concepts to the wear of 
bodies results in certain postulates. It is seen that, 
under normal conditions prevailing at sliding surfaces, 
the external magnetic field will improve the wear 



characteristics of one of the bodies resulting in 
longer useful life for that body. 

It is possible to envisage that wear of 
bearings and other rotating parts in electrical ma- 
chines can be better understood in the light of the 
present work. 

1.2 Review of Previous Work 

Effect of magnetic field on surface deterio- 
ration seems to have been first reported by Simpson 
and Russell (10). In these observations the inner 
races of ball bearings used in electrical generators, 
are reported to have suffered excessive surface dete- 
rioration duo to ■the linking of magnetic flux. 

Possible cause for such deterioration has been given 
as the early breakdown of film of lubricant, due to 
the rise in temperature caused by the magnetic field. 

It is apparent that Ghosh (11) also did simi- 
lar work independently and he was the first to report 
the effect of magnetic field on the wear of cutting 
tools. He, by means of repeated experiments established 
that magnetisation of a H.S.S, tool rubbing against a 
mild steel job considerably reduced the wear rate of 
the tool. Possible increase in coherence or improve- 
ment in bonding affinity were explained as the possible 


reasons , 



Bagchi and Ghosh (12, 13) repeated the 
experiments and showed that doth during cutting and 
rubbing of mild steel job by H.S.S. tools presence of 
magnetic field during tho operation improved the tool 
life. 

They applied a constant magnetic field of 100 
200 Oe to a turning tool and measured the change in 
the wear characteristics of the tool (care was taken 
that the tool always rubbed against a fresh surface). 
The general nature of their results is shown in 
Figures 1.1 and 1.2. Gain factor, G q shown in these 
figures was defined as 

h — h 

g 0 = (i.i) 

O 

whore h Q = flank wear without magnetic field, 

h^ = flank wear in presence of magnetic field. 

These curves depict some interesting features 
as follows : 

i) At first the decrease in the wear rate 

obtained in presence of the magnetic field, 
increases with the cutting velocity or the 
rubbing velocity. 

ii) The increase in tho gain has an optimum value 
beyond which it decreases. 

The authors explained their experimental re- 
sults by means of the following theoretical model (13)* 











They considered a hemispherical particle 
of radius a-] to get extracted from the tool and 
rotated through 180° as shown in Figure 1,3, before 
being removed as a wear particle. The total energy 
Erp needed to produce such 'a wear particle has been 
considered to be- composed of two parts, such that 


E t = E s+ E m (1.2) 

O 

where, E (= 4 7 \ a.f i? ) is the work required to 
•form’ the wear particle, and (= 2 m g H s , 

— a| d^ ) is the extra energy needed to rotate 
the particle in presence of an external magnetic 
field. Various parameters used in these expressions 
are defined as follows : 

| 

>5 = surface energy of the tool material, 

m = magnetic moment per unit volume, 
s 

H = saturating magnetisation, 
s 

d, = density of the tool material. 

"0 


Obviously, no change in the 'energy of 
formation' of the article was envisaged. Gain factor 
G Q was shown to be reducible to the form 



E 


m 


E + E. 

m s 


( 1 . 3 ) 


Thus, it is seen that the gain G Q is controlled by the 
extra energy needed to remove the particle in presence 
of magnetic field. 



As seen from Figures 1.1 and '1 .2, within 
the speed range investigated, Bagchi and Ghosh always 
found G to ho a positive quantity. If the above model 
proposed by thorn were true G Q should always turn out to 
be positive, irrespective of the material of the job 
involved. This, however, does not tally with the re- 
sults obtained in the present work when a non-magnetic 
job is machined by a ferromagnetic tool. Thus, further 
investigations in this direction arc called for. 

Following the work of Bagchi and Ghosh few 
other research workers (14,15) have performed experi- 
ments on wear of H.S.S. drills while drilling steel and 
cast iron. Essentially, similar results as those ob- 
tained by Ghosh and Bagchi have been reported. 

No sound explanation of the observed behaviour 
has been provided so far, by any of the 'workers. The 
present work meets that objective to a large extent. 

1.3 Objective and Scope of Present Work 

The major objective of the present work is 
to investigate the basic physical phenomena© involved 
in the effects of magnetic field on wear. Though the 
work is most relevant to the problem of cutting tool 
wear, the author has looked into the general mechanism 
of wear of bodies sliding against each other. Dry 
conditions have been considered to simplify the work. 



Of the two bodies sliding against each other at least 
one has been considered to be of ferromagnetic mate- 
rial. Various kinds of tests were conducted to find 
out the influence of magnetic field on a deforming 
body. Material property tests like tensile strength 
test and impact strength test were performed to see 
if magnetic field affects the bulk properties. Apart 
from these,, the influence of magnetic field on cutting 
force in turning operation was also studied. The re- 
sults of these tests indicated that magnetic field 
has insignificant effect on the bulk properties of 
ferromagnetic materials . This important observation 
necessitated the author to put in most of his efforts 
in investigating the mechanisms involved at microsco- 
pic level. 

As the process of wear is an extremely com- 
plicated physical phenomenon, it is not possible to 
present an exact mathematical analysis. Consequently, 
the present work is based on a simplified asperity 
junction model and the entire ’^ar has been considered 
to be resulting from failure of such junctions . The 
possibility of the enhancement of diffusion due to 
the application of a magnetic field has also been 
studied. 

To verify the various conclusions drawn from 
the physical model author has conducted appropriate 



experiments , Various combinations amongst the mate- 
rials Iron, Nickel, Steel, Brass and Aluminium were 
used for the purpose. It would be extremely desira- 
ble to perform detailed experiments of specialised 
nature like wear particle formation, measurement of 
dislocation velocity etc. These experiments can throw 
much light on the nature of basic mechanisms involved. 
But, due to the limited facilities available, these 
aspects could not be covered and, inferences wherever 
relevant were drawn from the published works of other 
workers . 

Since sophisticated methods of wear, measure- 
ments were not readily available, measurements were 
mostly based on microscopic observations. Enough 
cares were taken to reduce the scatter of readings 
and to maintain fairly uniform accuracy limits of the 
readings at various speeds . , Each reading was repeated 
five times both for the magnetised state and the non- 
magnetised state to ensure a reasonably reliable mean 
value of the wear. 
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CHAPTER II 

i 

THEORIES AND HECHANISHS OF WEAR 

2.1 Nature of Solid Surfaces , and their Contact 

No matter how plane the surface of a solid 

body appears to be, when examined at microscopic level . 

it is always wavy and rough. Even the surface formed 

by the cleavage of mica contains irregularities of the 
o 

order of 20 A in size. The irregularities on the sur- 
face of an ideally smooth crystal have been found to be 

o 

of the order of 100 A in height. The smoothest surfaces 
encountered in mechanical engineering practice have 
been seen to have projections of about 0.05 to O.lyM . 
Apart from being rough these surfaces are also accom- 
panied by waviness. The length of the waves varies 
from 1 mm - 10 mm and their heights range from 20 to 
bOf*, A profile of an actual surface is shown in 
Figure 2.1; (16). Due to the distortions in shape of 
the bodies as a result of direct stress and temperature 
effects the surface unevenness is likely to aggravate 
further. As a result, therefore, actual surfaces are 
in a position to develop contact only over small dis- 
crete areas, located in well defined regions. The 
total surface area which can be associated with these 
discrete regions is usually defined as the apparent 
area of contact, while the overall surface area of 




(a) lb) 


Fig2. 1 Roughness And Waviness Of Surfaces 

a) Profile Of a Turned Copper Surface (b) Waviness Diagram Of a Turned 
‘Top) On a Distorted Scale, Surface, Transverse Pitch Of 

^agnifibation, Horizontal 50;Verfical The Roughness Of the Irregularities * 
X 500; Below, Profile With Egual Hori- 240 p ; Magnification , Horizontal X 8*, 
zontai And Vertical ftfagnlfications. Vertical X 294 ; Below » Part Of Wavi- 

ness Diagram With Equal Horizontal 
And Vertical Magnifications. U6) 


contacting bodies is called the design area of con- 
ta ct. 

A closer examination of these discrete 
regions of contact has revealed further that the 
actual contact be Ween bodies occurs at certain high 
points located within these regions. These points are 
called contact points or, more commonly as asperities. 
The number of these asperities depends upon both, the 
load and the roughness of surfaces . then a load is 
applied to two bodies in contact the interacting re- 
gions of the bodies are deformed elastically at first. 
But, as the load is increased the deformation eventua- 
lly becomes plastic. As a result, the two bodies come 
closer to each other. 

To understand any physical phenomenon occur - 
ing between the two contacting bodies, the behaviour 
of these asperities is to be clearly understood. It 
is, therefore, to be observed that problems connected 
with passage of flux of any kind (like electrical, 
magnetic, thermal or even sound and light) cannot be 
fully studied unless the characteristics of these 
contact points are taken into consideration. In 
particular, the problems connected with metal trans- 
fer and wear during sliding processes are very much 
.dependent on the nature of phenomenae taking place 
at these contact points or asperities . 


The asperities are subjected to extremely 
high stresses even at ordinary loads, because of 
their very small dimensions. Due to the high stresses 
contact of the two bodies at the asperities generally 
results in formation of junctions, which have been the 
subject of investigations for many research workers. 
Various experimental techniques like electrical resis- 
tance measurements (17, 1 8 ) , optical (19) and electron 
microscopy (20) have been employed to study these 
asperity junctions. It is generally accepted that the 
junctions formed by the asperity interaction^ are of 
roughly of the order of 10 to 20 /A (21). Those junc- 
tions arc expected to be in a state of incipient flow 
even under normal loads and much of' friction and wear 
phenomenon has been analysed in light of these junc- 
tions. Rabinowitz (21, 22) used an auto-correlation 
analysis to determine the average junction size for 
sliding metals . The size distribution of the junc- 
tions is given in Figure 2.2. Ling (23), Greenwood 
and Williamson (24), Whitohouso • and A-r chard (25), 
Tsakada(26) , Gupta and Cook (27) and many others have 
also analysed surface profiles using statistical 
approaches. It is generally accepted on the basis of 
these works that the distribution of peak heights is 
closely given by Gaussian distribution, whereas the 
junction size varies from 5 - 20/4 . 
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Fig2.2 Fraction Of Contact Area As a 
Function Of Junction WfdtM 21 ) 




2.2 Types and Theories of Wear 


In the previous section it was briefly dis- 
cussed that the nature of contact between two solids 
is dependant on the type of surfaces. Rougher surfaces 
will generally result in larger asperity junctions, 
while well finished surfaces will result in fine aspe- 
rity junctions . Adhesive wear occurs as a result of 
interaction of the asperities and subsequent failure 
of asperity junctions. Therefore, rougher surfaces 
result in more wear and larger wear fragments than 
obtainable in fine surfaces. Other parameters like, 
presence of lubricant, high temperatures, metallurgical 
treatments all affect the surface characteristics. 
Consequently, wear of sliding bodies is seriously affec- 
ted by the overall interfacial conditions between them. 

Wear is defined as the material which finally 
leaves the contact zone between the two rubbing bodies. 
The classical equation for’ wear is written as 

W = 3|j (2.1) 

where W = volume of wear, 

N = Contact load, 

L = distance of sliding, 

H - bulk hardness (of the softer material ), 

Z =. wear coefficient* 



Equation 2.1 is due to Burwell and Strang (28) and is 
essentially an extension of Holm's (17) idea of atomic 
wear. Archard and Hirst (29) and other have found the 

magnitude of Z to vary within the limits of 10 to 

-7 

10 . Author has also conducted experiments for the 

measurements of Z, Tungsten carbide bits were rubbed 
against mild steel. Values for Z c-r 10" 1 " were obtained. 
This value agrees with that provided by Kragelskii (16). 

While the classical equation on wear relates 
the important parameters like load, velocity of sliding 
and the material property it cannot explain wear under all 
circumstances. This is so because no single mechanism 
is involved in wear phenomenon. When speeds are low, 
wear is mostly due to abrasion of the softer body by 
the asperities of the harder one unlike at higher speeds. 

Considerable number of investigations con- 
ducted by many research workers have led to the identi- 
fication of the following basic mechanisms responsible 
for wear. 

(i) Abrasion 

(ii) Adhesion 

(iii) Chemical and Electrolytic action 

(iv) Diffusion 

(v) Fatigue 

A short description of these mechanisms is given below. 



( i ) Abrasive Vie a r 


In this kind of wear "blunt particles or as- 
perities plough grooves in the wearing surface "without 
the creation of debris, while sharp edges behave as 
cutting tools to create debris or chips . 

(ii) Adhesive Wear 

When the metallic surfaces are pressed into 
intimate contact under moderate loads, a metallic bond 
between the two surfaces is produced. This phenomenon 
is known as adhesion. Under favourable equilibrium 
conditions if A type of atoms prefer to have B type 
of atoms as their neighbours, then a compatibility of 
B in A results in a solid solution of B in A. 

In the case of atomic bond formation across the inter- 
face during ideal adhesion, a negative free energy of 
the bond formation must exist. The strength of the 
bonding at the points of adhesion is often so great 
that while attempting to free the surfaces, separation 
takes place not along the interface but in one of the 
bodies itself resulting in metal transfer and subse- 
quent removal, ' Ar chard has developed a model of trans- 
fer under such conditions considering the metal removal 
in the form of lumps . It is seen that metal removed is 
mainly proportional to actual area of contact and 
hardness ratio of the mating bodies. 



iii) Chemical and Electrolytic Wear 

. Chemical wear may take place between two 
metals when a certain fluid is present between them 
which renders them to be active. Electrolytic wear 
is related to the chemical wear, because it arises 
due to possible galvanic corrosion between two bodies. 
For instance, high speed steel has been found to be 
anodic to 15-25-6 stainless steel alloy and other 
high temperature alloys . 

iv) Diffusion Wear 

Solid state diffusion is the mechanism by 
which atoms diffuse from one lattice point to another 
thus leading to a net transfer of matter from one body 
to the other one in the direction of the concentration 
gradient. This is possible, however, only when tempe- 
rature conditions are favourable for atomic movement. 

Thus, if in the adhesion process localized 
temperature increases to a considerable level inter- 
facial diffusion can occur. 

Diffusion wear has been seen to be of parti-,; 
cular significance in the high speed machining process. 

v) Fatigue Wear 

As a consequence of interpenetration of 
surface asperities sub-surface deformation occurs. This 
results in a wave of deformation, associated with each 



asperity. For some distance, in front of an asperity 
the material is compressed and behind the asperity 
the material is elongated because of the frictional 
force. Thus each cross-section of the rubbing member 
is subjected to cyclic compressive and tensile stresses. 
This can lead to the removal of the surface material 
due to fatigue. Radchik and Radchik (30) have inves- 
tigated this effect both theoretically and analytically.. 

Adhesion wear and diffusion wear were found 
to be most relevant to the present work and therefore 
major emphasis has been put on these. These two mecha- 
nisms are discussed in more details in the following 
sections . 

2.3 Interaction of Surface Asperities 

and Adhesion Wear 

2.3*1 Nature of adhesion wear 

Archard (31) using Hertz solution for elas- 
tic contact of spherical bodies, showed that for a 
single elastic junction the contact area is propor- 
tional to (N = normal load) . But for actual 

surfaces where contact occurs at many places the con- 
tact area is proportional to N. Archard (32) also 
modified the friction and wear theory of Barwell and 
Strang (33), based on asperity encounter. lie showed 
that metal removal from the sliding surfaces could be 
of two types, 



Though originally derived for rake face wear this model 
can he applied to wear between any two clean surfaces 
at high speeds. In terms of sliding velocity V 3 between 
the two bodies, the wear rate V7 is given by 

. Z V N 

W = _o_s exp ( - E / R 0 ) (2.?) 

• IT 

Or W = -Sg— Z (2.6) 

where, Z = Z Q exp ( - E / R © ) (2.7) 

Thus the wear coefficient S used in Archards equa- 
tion (2.1) is actually not a constant quantity but a 
rate flpHBi wmt parameter. Generally E is associated 
with activation energy for self diffusion. Equation 
2.4 was used by Nayak and Cook (35) to investigate the 
thermal aspects of tool wear. They also considered 
wear coefficient Z to be given by Equation 2.7. 

They, however, preferred to call E as the wear acti- 
vation energy. Using this approach both the flank and 
the rake face wear results were found to be well cor- 
related with the model. 

„ .2.3«2 Junction Failure and Wear 

It is realised that extremely high stresses 
exist at the contact points between two bodies. These 
high stresses cause plastic deformation of asperities 
leading to a finite area of contact between them. The 
magnitude of this area of contact is given by 



N 

H 


( 2 . 8 ) 


^ r 

til) 
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where , N 
and H 


normal load, 

indentation hardness of softer material. 


Due to the large stresses at these asperi- 
ties strong adhesion occurs. The strong adhesion 
leads to the formation of a: ; welded junction "between 
the asperities. When the contacting members try to 

f - , ‘ , I ! - 

slide past each other a force of friction arises ^ from 
the need to break these junctions in shear. If ..{the ' 
stress required to shear such a junction is assumed to 
be dependent on just the shear strength ! s' of the 
softer material, the coefficient of friction arising 
from such motion is 

a A 

•+-> - tangential force _ r _ s_ ( 0 Q \ 

* 1 ~ Normal force HA r H 

Thus, if the shear strength of the softer material 
is the only controlling factor in shearing of junc- 
tions, the coefficient of friction is .seen to be inde- 
pendent of load, 'surface roughness and other parameters. 
Almost for all materials §- is constant, leading to 
the conclusion that f is constant for a pair of 
materials, though experimental evidence does not su- 
pport this ( 1 8 , 22, 36). 

Rabinowitz ( 36 ) visualised that shearing of 
junctions should also depend upon the surface energy. 



This is he cause of the fact that the junction size is 
not only controlled hy plastic deformation caused by 
the load but also by tho surface attractive forces 
which are assumed to exist in adhesion but not accoun- 
ted for in Equation 2.8. The surface energy acts so 
as to increase the size of the real area of contact 
over the value given by Equation 2.8, On this basis 
occurrence of high coefficient of friction can be ex- 
plained when the ratio of surface energy of adhesion 
Ej jj tp hardness H is high (36). Habinowitz (36) 

has shown that coefficient of friction is indeed 

E I II 

directly related to — g — . 


The existence of adhesion wear has also been 
experimentally established by autoradiographic tests 
(32, 36 - 39) • Besides suggesting a constant value of 
coefficient of friction for a pair of materials, equa- 
tion 2.8 results in f 1/6 which is a very small 
value . Experimental results under various conditions 
provided by whitehead (4-0), R a binowitz ( 36 ), Bowden 
and Tabor (18) and others give values between 0.4- to 
1.0, while for Indium on Indium it is very higher: 1.7* 
Also, the experimental results of several workers (4-1, 

4-2, 4-3) indicate that the relation between f, H and s 
is not so simple as given by Equation 2.9. Thus, while 
Bowden and Tabor model (Equation 2.9) explains the 
essential nature of friction between unlubricated metals, 



it cannot explain the f fiction between solids in a 
complete manner. 

Green (M-t- ) elaborated the Bowden and Tabor 
theory in order to present a clearer picture of the 
determination of stresses and deformations during 
steady sliding. The interaction between metal sur- 
faces is discussed in the following manner. 

When clean metal surfaces are pressed to- 
gether by a load N, the tips of the asperities are 
deformed plastically to a magnitude which can support 
the load. If strain hardening is ignored these junc- 
tions formed by mutual asperity deformations are in 
a state of perfectly plastic one. In this state even 
a minute force can lead to an increase in the size of 
the junction. This initial microscopic increase or 
growth in the size of the junction proceeds the macro- 
scopic steady sliding. Jkn important observation due 
to Green (44) is that junction growth must be associa- 
ted with the movement of the surfaces closer to-gether, 
as shown in Figure 2.3 (a)* Green (4-5, 4-5) has shown 
theoretically that the approach angle 0' is initially 
about 4-5° but decreases as the frictional stress over 
the area of contact increases. Thus as the two sur- 
faces approach each other area of contact increases 
rapidly and this is due to (i) the growth of original 
junctions, and (ii) the new regions coming into contact. 





When sliding settles down to steady state, the growth 
of junctions stops which results in a constant area 
of contact thereafter. In steady state, the distance 
apart of the surfaces remains steady, and they no 
longer move closer i.e. 0 * = 0. 

As the relative motion between the surfaces 
continues old asperity junctions get sheared while 
new junctions are produced. The process is a conti- 
nuous one, so that the normal load N is continuously 
supported and, F, the friction force is nearly cons- 
tant. In this process each junction passes through a 
cycle of formation, deformation and' fracture.' At any' 
instant when a junction is just formed, force acting 
through the junction has a normal component 
(compressive) and a tangential force (shear) as 
shown in Figure 2A. During the life cycle of a junc- 
tion its shape and corresponding values of !L and F^ 
are constantly changing. Thus at any instant the co- 
efficient of friction is 

f = F 1 / N 1 (2.10) 

where F^ and represent the average instantaneous 
values of shear force and normal force over the sur- 
face, respectively. It is logical to imagine that at 
any instant there are many junctions at different 
stages of development and thus averaging over all the 
junctions at a single instant is equivalent to avera- 
ging over the life cycle of a single typical junction 







with respect to the relative displacement x of the 


two 

surfaces 

• 

On this basis 

F.j and are defined 

as 

h = 

i 

1 F 1 dx 

(2.11) 



\ dx 

and 

s i = 

i 

j 

N 1 dx 

(2.12) 


Jdx 

Thus 

, f can 

“be 

evaluated as 



f* _ 

i 

F.j dx 

(2,13) 


JL — 

r 

N 1 dx 


The integration is to he carried over the life - ‘cycle 
of a typical junction. Hence, to investigate frictional 
behaviour theoretically, it is sufficient to examine 
in detail a typical junction throughout its life cycle. 

Now, at any instant during steady sliding 
ratio F^/Hj is. given by the junction shape, strength 
of adhesion and the condition that the two bodies are 
moving parallel to each other. Since the changing sha~. 
pe of a deforming body cannot bc : determined theoreti- 
cally, theoretical estimation of f is hot possible. 

J.s such recourse has been taken to model experiments 
to simulate the actual situation. Green (44 ) , 

Greenwood and Tabor (47, 48) have done extensive expe- 
rimentation on plasticine models under conditions of . 
plane stress as well as plain strain. 



The stages through which junctions have been 
observed to be passing can be understood with the aid 
of Figure 2;5» The figure illustrates the deformation 
of asperities I and II of similar hardnesses. After 
initial adhesion most of the centre of the junction is 
sheared uniformly; Figure 2.5 c. Due to this shear- 
ing the interface gets stretched. This \-rould help to 
break any surface films present and thereby strengthen 
adhesion. As the tendency for the asperities to pass 
each other continues an intermediate stage shown in 
Figure 2.5 d is reached, when the junction has acqui- 
red a symmetric shape. Since the adhesion is assumed 
to be fairly strong the junction deforms as a single 
body and thus necking and fracture occurs in the most 
critically stressed region of the junction. In this 
manner a small particle is transferred from one aspe- 
rity to the other one. In a subsequent encounter this 
transferred material may become a loose wear fragment. 
Experiments have shown that most of the times the 
softer asperity looses material to the harder one but 
the probability of harder body loosing material is also 
finite. The reason for this is the presence of weak 
spots within the harder asperity as well as its fatigue 
caused by the interactions. In general, therefore, 
the fracture occurs more often on the side of the softer 
asperity as against that of the harder asperity. The 













ratio of probabilities also increases as the ratio of 
hardnesses increases. 3Yh thematically, it can bo put 
as , 



iX. 



(2.1ty 


where, 


P fl > P fII 


define the probability of junction 
fracture on the side of asperity I 
and II respectively s during time T. 


Hj , Hjj represent the indentation hardness 
on the side of asperity I and II 
respectively. 

Equation 2.14 is generally borne out in practice. 

For instance, when lead or sulphur are added to steels 
wear of theH.S.S. tools has been observed to be gene- 
rally reduced (49), compared to the case where no such 
additives have been added. Also wear rate of tools 
against steels is in general higher than that against • 
metals like Brass and Aluminium. 


Broclcley and Fleming (Jo) conducted the experi- 
ments on copper metallic junctions cut from one piece. 
These single piece junctions were made to shear by 
applying a load from a motor. Failure of these junc- ■ 
tions is shown in Figure 2.6. The figure illustrates 
that a junction formed by two identical materials has 
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equal probability of failure on either side of the 
interface* This figure also indicates that compre- 
ssion, rotation, tension and shearing at the ends of 
the junctions are apparently involved in the process. 

4 

Thus the mechanism of a wear fragment formation is 
quite complex and does not render itself to convenient 
analytical, solution. However, rough estimates of the 
forces exerted through such junctions have been attemp- 
ted by Green (44) , Edward and Hailing (51) and Gupta 
and Cook (52). It will now be seen how friction bet- 
ween two asperities depends upon the kind of junction 
formed between the asperities. 

Let the Figure 2.5b where the asperities have 
just met be considered. A mean normal stress (compre- 
ssive) p 1 and a tangential (shear) stress s^ act 
through the junction.' Due to these stresses the junc- 
tion is deformed so that the two surfaces move parallel 
to one another. These stresses calculated by Green 
(44) are shown in Figure 2.7- For normal values of 
surface roughness, angles S ^ and 0^ shown in Figure 
2.5 are less than 10°, when a junction is formed. 

For such values of S' ^ and 0^ it can be seen from 
Figure 2.7 that s 1 1.25 k 1 and p 1 cs 2 where 
k^ represents the yield stress in shear of the softer 
body. Further deformation, as shown in Figure 2.5 c 
and d, causes changes of shape such that 0^ increases ; S 
decreases. It is also seen from Figure 2.7 that as S' ^ 





decreases and 9^ increases s^ tends to and de- 
creases continuously. ■ Also as the junction tends to 
"become roughly symmetrical p.j continues to decrease. 
Thus when the junction has been deformed to the sy- 
mmetrical state the normal stress on it is zero and 
the tangential stress is nearly equal to its initial 
value* After the symmetrical shape has been achieved 
the cycle gets reversed i.e. s^ increases slightly 
while p^ becomes tensile and remains so until the 
junction eventually breaks under combined shearing 
and tensile forces « Thus, after the asperities have 
matched up and firmly welded the cross-section ’a' 
remains approximately constant until necking and 
fracture commence. (The time that elapses between the 
formation of the junction and the ultimate fracture 
shall be defined as junction life). During this part 
of deformation and F^ bear a constant ratio to p^ 
and s^ respectively . The variation of and F^ for 
a strong junction as discussed is shown in Figure 
2.8 a. The areas under these curves between the be- 
ginning and end of life cycle are proportional to F^ 
and and f is obtained from their ratios as shown 
in Equation 2.13. It is not possible to calculate 
* f' precisely because neither the point of fracture 
nor the shape of the curves can be defined quantita- 
tively. However, to havo an idea of the limits of 'f* 
certain cases can be considered. These are 
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(i) Strong adhesion or high friction'. 

(ii) Moderate adhesion or medium friction, 

(iii) Weak adhesion or low friction. 


(i) This occurs for junctions which survive till 
becomes tensile. In such a situation the area 
under curve is greater than the area under 
curve and so f > 1. Friction between Indium 
and Indium falls in this category. 

(ii) If a junction survives till the symmetrical shape 
is reached the areas under and F^ curves are 
roughly equal leading to f cs: 1 . 

(iii) If the junction fractures as soon as the maximum 
normal load is reached 


f 




( 2 . 15 ) 


From Figure 2.7 p-j ~ 1.75 s -| and s^ ~ 1 . 1 + k^ 
for asperitjr junctions with ^ c: 10°. So with 


these values f c; 0.4. Besides the early fracture 


of a weak junction, there are two other reasons 
for lower value of f in this case. 


a) Weak adhesion leads to reduction in s^ and an 
increase in p^ at all stages of its life cycle. 
This results in lowering of F^ curve relative 
to N-j curve and increase in p^ leads to de- 
crease in area of contact. 





t>) In weak adhesion, relative sliding can also 
occur at the interface along with plastic 
deformation of the two halves of the junc- 
tion, and hence the effective area of cross- 
section of the junction decreases as 
decreases . 

The foregoing analysis demonstrates that 
friction and wear seem to he inter-related and the for- 
mation of a loose wear fragment can he understood to 
occurs as a result of the following possible stages. 

a) Matching up of two asperities. 

h) Adhesion of these asperities across the 
interface . 

c) Fracture initiation at a critical point. 

d) Transfer of material from one asperity to 
another, and 

e) Subsequent disintegration and removal of this 
transferred material. 

The relative strength of the surface layer 

and the bulk material also plays an important role in 

the process of material removal from an asperity. This 
explained as follows . . 

Consider again two asperities having got 
firmly bonded together as in Figure 2.^f. If the 
adhesion bond strength between the surfaces of I and II 
is lower than the strength of the underlying layer a 



positive gradient in the mechanical strength exists ;■ 

Ma. thematically, is a positive quantity for 

this situation, where H (x) is the hardness in the 
direction normal to the interface; When a positive • 
gradient in the mechanical strength exists the de-. 
formation, is confined to the surface layer. When the 
junction fails the failure is confined to the surface 
layer. Thus, the friction and wear characteristics 
are controlled primarily by the characteristics of the 
surface layer, in this case. 


However, when the strength of the bond is 
greater than that of the bulk material, — is 

negative. Deformation in this case will be extended 
to larger volume of material. In this case the failure 
of the asperity junction occurs at a considerable depth 
below the interface . Thus friction and wear characte- 
ristics in this case arc controlled by the bulk proper- 
ties of the materials rather than that of the surface 
* 

layers . 


Figure 2.9 illustrates how different hardness 
gradients result in different deformation zones at 
asperities. Figure 2.9 a illustrates the case of posi- 
tive hardness gradient from interface to bulk. The zone 
of deformation is shown confined to the surface layer 
itself. Figure 2.9 b shows the case of negative hard- 
ness gradient. The deformation zone is considerably 
larger than i n the first case. 










2.4 Diffusion Wear 


2.4.1 Introduction 

As mentioned in section 2.2, atoms may diffuse 
from one region of a body into another, or from one body 
into another in its intimate contact. This motion, over 
a sufficient period of time leads to a net transfer of 
matter in one direction. Essentially three possible 
, mechanisms of diffusional mass transfer have been thou- 
ght to be operative ( 53 ).. These are as follows : 

(i) Interstitial mechanism 

This mechanism is considered to be operative in 
alloys for those solute atoms which normally 
occupy interstitial positions as does carbon in 
iron . 

(ii) Ring mechanism 

Groh and Hevesy and, Huntington ( 55 ) sugges- 
ted that diffusion occurs merely by a simple 
exchange of two neighbouring atoms. Zener (56) 
suggested that instead of two atoms interchan- 
ging position three or four atoms could 
possibly exchange position with little lattice 
distortion. This method, however, has not been 
seen to be operative in metals and alloys. 

(iii) Vacancy mechanism 

If an atom moves from its position to a neigh- 
bouring vacancy, diffusion by vacancy mechanism 



is said to occur. Also dislocations <san offer 
easier paths for diffusion than a perfect 
lattice and thus assist the diffusion process. 

It is also widely known (57 > 58 ) that vacancies 
can he generated hy certain kinds of disloca- 
tion movements . Therefore, large dislocation 
movements are expected to lead to greater diffu- 
sion. At present there is considerable experi- 
mental evidence (53 } 57 - 61) that diffusion 
occurs by vacancy mechanism. 

In solid state diffusion, atoms of an element 
migrate in the direction of its concentration gradient. 
Since the thermal energy of an atom is given by KQ, 
atoms will vibrate with higher intensity at higher tem- 
peratures. Consequently, the rate of transport of 
matter by diffusion is temperature dependent. It- is 
also to be observed that since diffusion involves atom 
by atom process of material transfer it is only after 
a sufficiently long time that observable metal trans- 
fer occurs. However, when large strains, strain rates 
and sharp concentration gradients exist, diffusion 
can be quite fast. Also in dynamic contact between 
two bodies the diffusion rate across the interface is 
very high (11). In both the static and the dynamic 
contact therefore, substantial material transfer is 
possible. The large scale diffusion therefore results 




in diffusion wear of bodies in contact. There are two 
basic laws which arc necessary for diffusion wear ana- 
lysis. These laws are known as Fick's laws of diffu- 
sion. 


(i) Fick's First Law 


This law, in the mathematical form is wri- 


tten as, 



cf c 

<$x 


( 2.16 ) 


where, J = mass flow per unit area per unit time, 

C = concentration at any point at a distance 
x from the origin, the distance being 
measured in the direction of J, 
and D = diffusion coefficient or diffusivity 


and is very much sensitive to the varia- 


tion of temperature . 


Numerous experimental studies of diffusion over wide 
temperature ranges have confirmed that D is dependent 
upon temperature in the manner, 

D = D q exp ( - -^5 ) (2.17 ) 

where, = frequency factor 

Q = activation energy for diffusion 
R = universal gas constant, 

= absolute temperature. 


© 



Activation energy Q, represents the energy spent for 
the atom to move from one equilibrium position to ano- 
ther. Measurements conducted have yielded a general 
relationship that Q is proportional to melting point 
of a solid. Accordingly Bugakov (60 ) has calcula- 
ted Q err 39 © m while As kill (62) gives Q ^.38 9 m for 
f.c.c. structure and Q ci 33 for b.c»c, structure. 
In these expressions Q is given in units of calories/ 

mole and © in degrees kelvin. 

* 

(ii) Fick’s Second Law 


This law is expressed as, 
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( 2 . 18 ) 
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Generally, D is considered to he independent of con- 
centration and therefore of x also.. This law there- 
fore reduces to the following form. : 


C _ r C 

- D ^ < 2 * 19) 
It is apparent from the very nature of the 
phenomenon that situations which involve large defor* 
nations and high temperatures are most amenable to 
diffusion studies , It is not surprising therefore 
that most of the diffusional wear studies have been 
confined to the cutting tool wear where such condi- 
tions are prevalent. Mutual diffusion across tool 



chip interface and tool-work interface has been inves- 
tigated by Loladze ( 63 ), Venkatesh (64-) and 
Ghosh and Bhattacharya (11, 65, 66)* Ghosh and 
Bhattacharya have analysed the diffusion wear process 
theoretically and have shown a fair agreement between 
the mathematical model and the experimental results . 
Loladze ( 63 ), Kikuchi et. al. ( 67 ) and many others 
have found experimental evidences confirming the exis- 
tence of diffusion process in machining operations. 

Even in static contact inter-diffusion of elements 
like W, Mo, Cr, Co, C and Fe has been established (68, 
69). 

Kikuchi et. al.(67) have analysed the wear 
mechanism of H.S.S. using Electron Probe Micro Analyser 
and found that the white layer which is usually found 
in the worn out surfaces of H.S.S. is formed by diffu- 
sion of Cr, C, Co, and W from H.S.S. to mild steel 
workpiece. This corresponds to the B type of diffusion 
described by Nayak and Cook (70) wherein diffusion of 
major strengthening constituent like W from tool to 
job is postulated. Zlatin and Merchant (71) and 
Loladze ( 63 ) have confirmed by means of mic ro^hardness 
tests, that diffusion from WC tools into the chip is 
of frequent occurance. The inter-diffusion has also 
been seen to lead to structural transformation which 
results in weakened surface layer. This contributes 
further to the loss of material from the tool. 
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Scheme of diffusion wear occuring "between 
two bodies in contact may be understood with the aid 
of Figure 2.10. The figure shows bodies I and II in 
intimate contact. For simplicity mass transfer only 
due to diffusion from I to II is examined. Moreover, 
the mass flow is considered to be one dimensional and 
in the direction x. If the x dimension of body II 
is large compared to diffusion zone, it can be treated 
as a semi-infinite body for the purpose of diffusion 
analysis. From Fick's Second Law the concentration 
at any position x of the semi-infinite body at time 
t is given as (53 ) » 

C = C erfc ( — ) (2.20) 

0 JETS t ' 

where C Q = concentration of the diffusing element 
in the bulk of I. 


Thus, as time of diffusion increases the concentration 
of the diffusing element in body II increases conti- 
nuously. When the contact is static (V = 0 ) the 
rise in the concentration of the element in II is 
rather slow. On the other hand, Bhattacharya and 
Ghosh (66) have shown that if the contact between the 
bodies is dynamic (V ^ 0) material diffused is quite 

w 

high. They have shown that 



i 
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where, = material diffused in time T from tody 

I into II when there is relative sli- 
ding occuring "between the "bodies t 

M g = material diffused in time T from I 
into II when there is no relative 
sliding, 

t = time during which an element of II is 

in contact with I. It is equal to l Q /Y Qi 
where, 1 is the length of contact of 
the two "bodies in Figure 2*10. 

It is therefore clear, that if V and 1 are such that 
t is very small compared to T, will he much larger 
than M . For instance, if V = 60 m/min and 1 = 1 ram 

and T = 2 min, 400 M . The magnification factor 

will further increase as the relative velocity is in- 
creased. The enhancement of diffusional mass transfer 
in this case is only due to the characteristic magni- 
tude of the parameters and is not a result of any 
change in the diffusional property of the material as 
such. The enhancement duo to the atomic rearrangement 
etc. is to he separately examined. 

Several workers have investigated the influ- 
ence of plastic deformation on diffusion in situations 
like torsion, creep and compression. It has been re- 
ported hy these workers (72 - 75) that enhancement of 
diffusion occurs during plastic deformation. Hirano 
et al»(61) and Watanabe and Karas hima (76) have 



confirmed that a significant enhancement of diffusivity 
of ■•><, - iron occurs during plastic deformation. Usua- 
lly, the ratio of diffusivity during deformation D , 
to diffusivity in undeformed condition D , varies 


D 


u J 


linearly with strain rate. Values of p- of the order 

u 

of 100 have hoen reported (72, 7 3, 77). Most of the 
current explanations for these observations is that 
excess vacancies arc generated b j deformation. Watanabe & 
Karashima ( 76 ) have concluded that strain-enhanced diffu- 
sion in :X - iron can be explained in terms of excess 
vacancies generated by non- conservative motion of jogs 
on screw dislocations* 


Hirano et. al. ( 61 ) have experimentally es- 
tablished that diffusivity of poly crystalline iron di^i- 
comprossion,D ,is related to D u as, 


where, £ is the strain rate. and, B is a constant. 


The constant of proportionality B has been 
established,' by these authors, to be a strong .function 
of temperature only,; and is given by 

B = 3 x 10 “ 3 exp ,(39,200 / R 6 .) 


It will now be examined how such an enhancement in 
diffusivity can affect the wear characteristics of 
a sliding paip. 



2. 4-. 2 Influence of Diffusion on 
Hardness Gradient and Wear 

It is important to observe that the enhanced 
diffusivity is expected to lead to greater mass trans- 
fer across an interface. This should influence the 
diffusion wear of the mating surfaces in a significant 
manner. In this connection the variation of hardness 
in the direction normal to the interface seems to be 
of much significance. Author has analysed the problem 
of the influence of hardness gradient on wear in the 
following manner. 

Referring again to Figure 2.10 in which the 
mass flow from I into II is considered, let the diffu- 
sion of the harder constituent from I into II be exa- 
mined. (In actual practice diffusion of Iron from 
mild steel body I into body II of copper could simulate 
such a situation) . Further, it is assumed that diffusion 
is only one dimensional and in the direction of x. 

In such a case the diffusion of material from I into 
II will result in increased hardness of II. And, with 
the passage of time the hardness at a certain depth of 
body II will go on increasing somewhat in the manner 
same as that of the concentration of the diffusing 
element. For a particular time T after the diffusion 
has started, the situation is shown in Figure 2.10. In 
the figure the hardness gradient has been assumed to 



follow the concentration gradient in the diffusion 
zone. Also, hardness at any depth is assumed to he 
related to concentration of the harder diffusing ma- 
terial in the manner shown below : 


H-q . (x, t) = H (1 + C) 


( 2.21 ) 


where Hjj (x, t) 


H 



and C 


= hardness of body II at any 
x and t, 

= hardness of body II in the bulk, 
= constant of proportionality, 

= concentration of the diffusing 
element in II . 


It was shown in Equation 2,20 that C is given by 

C = C erfc ( g = ) • (2.22) 

0 yJTDt 

Thus, after the diffusion from II into IE has commenced 
hardness at any distance x at time t is given by, 

H tt (x, t) = H | 1 + p C erfc ( -- - - - )\ . 

11 \ 1 ° y^rnt ] 

(2.23) 

At x = 0, at any finite time therefore, 

E 1X (0, t) = II (1 + C Q ) {2.2b) 

N 0 w, since the diffusion of material from I (harder) 
into II is expected to lead to increased surface 
hardness of II, E X1 (0, t) II. Consequently C Q 
has to be a positive quantity, (On the other hand^if 



diffusion of softer material II into I is being inves- 
tigated <<_ 0.) However, since the diffusion 

of element of I into II can raise the surface hardness 
of II only to a finite value, 

0 < j^j C Q <j^ upper limit. (2.25) 

If the above analysis is applied to an asperi- 
ty junction, bodies I and II have to be considered as 
asperities with a junction of size 'a* . The asperities 

are sliding against each other at a velocity of V_ as 

s 

shown in Figure 2.5* Now, during the junction life 

t> (the time that elapses between the formation of the 

J 

junction and its ultimate fracture) certain amount of 
material will diffuse across the interface. Both the 
soft and the hard elements will diffuse across the 
interface and this will influence the strength charac- 
teristics of the asperities. 

It is apparent from the available literature 
on wear that the influence of the diffusing element 
on the hardness of the parent body has not been accoun- 
ted for in analytical calculations. Author has pro- 
posed in the following paragraphs, that it is possible 
to take such effects into consideration. 

When asperity I (harder) looses material to 
asperity II by diffusion and the junction failure occurs 
the depth of the surface layer removed would be deter- 
mined by the weakest path in II. This would be 



controlled by the local hardness variations. When the 
diffusivity of the element from I has changed it is 
expected that the weakest path in II along which frac- 
ture occurs would also get changed. Consequently, the 
problem reduces to (i) recognizing a physical parameter 
which would have an optimum value along the fracture 
path, and (ii) establishing the fracture profile uni- 
quely. To meet these requirements a load parameter 
A. is defined, such that, 

A = 


Hjj (x) ds, 


( 2 . 26 ) 


where, Hjj (x) is the hardness at any depth x, and 
is given by Equation 2.23 and ds is segmental area 
of the fracture surface. The integration is to be 
carried over the entire fracture path. If the asperi- 
ties are considered to be of unit thickness normal to 
¥ 

the plane of the figure ds can be replaced by d 3^, 
a line segment of the fracture profile (in the plane 
of the figure ) . 


The fracture surface in actual practice is 
not a well defined geometrical surface. Rather a 
hemispherical surface is generally considered to be 
appropriate one. The calculation of the load parame- 
ter -A for such a profile is complex and therefore, 
for the present analysis the fracture profile has been 
assumed to be triangular in shape. Thus as shown in 
Figure 2.10, the fracture of body IT. is assumed to + ake 
place along the path C^. 



Now, the load parameter _A_ will have a minimum value 
for the given profile, provided it satisfies the con- 
ditions fa# the existence of minima which are : 


and 


£ d 

S.A. 


= b 


> 0 


(9.3i : 
(2,32) 


.. “ ' 

Therefore differentiating .A- w.r;t, .d the first con- 
dition reduces to, ' 

~£> A- 


1 , ( d 


s yVWT a 2 , 

: ) + — - — h ( — , ) x. 

BtT Tt? ^ d 3 


i 


d ‘ '■ - 1 ] 


exp X- 4 Dt‘. ^ " 1 j 


0 


(2*33) 


Thus the value of d which satisfies the given re- 
quirements has to satisfy the equation^ 


+• erfc' ( 


AT Dt, 2 

^ ) + -rrrr- 1 ( - a 


) exv \ ( - - 1 


@1 °0 7 4- DP. s/OV 4- CT < ' "'j 

' J 

(2.34) 

It is easy to judge that with the usual values of diffu- 
sion coefficient (D), junction life (t.) the quantity 

? >J 

c3l 

is fairly large. Also^for large values of z 

3 - erf (z) «ss 1 - S3XJZ.A 2 ). . ( 2 . 35 ) 

z yvr 

These two approximations reduce Equation 2.33 to 

sul _ : a 3 fg a 2 

5 d ~ Pi °o /iTBtj ^ 

y 7r 


= 0 


(2.36) 


nr - a 

0r ’ ^ ^ 


(2.37) 





As indicated in inequality 2.25 ir’-| C Q has an upper 
limit which would essentially he dependent on the in- 
crease in hardness of II due to the diffusion of the 
harder element from I. If the case of iron (harder) 
diffusing into copper (softer) is considered, the upper 
limit for C Q may be set at unity. This follows 
from Equation 2.24 on the basis that hardness of iron 
is roughly twice that of copper (78). In the absence of 
an exact analysis, however, a rough value of 0.5 
may be assumed to be valid for C Q . Equation 2.37 
shows clearly that for all real values of 'a', D, t., 

J 

and C Q the parameter d will always have a real 

value. Also, D, t. and ’a* are very small quantities 
R / 3 

and C Q is likely to be^comparable to one. It is 

obvious therefore, that , — 5 will be always positive. 

dr 

Therefore, it is seen that a value of 'd 1 exists which 
satisfies the conditions 2.31 and 2 . 32 . An estimate of 
1 d 1 for the triangular fracture profile may now be 
made. Using the value of 0.5 for Aj c 0 equation 2.37 
reduces to, 


2 d 3 


y tv 



Or 


a 3 


a 2 

75 

a y"7T 


( 2 . 38 ) 

(2.39) 


If in Equation 2.39 the usual values for D, t., and 

J 

•a’ are introduced as, 



D 10^3 cm^/secy 
t . ^itT* sec, 

J 

j, 

and, a ^20 x 10 cm, 

-.lx 

the magnitude of d turns out to he ^ 0.2 x 10 cm. 
Thus, d a/100. This seems to he a physically rea- 
listic value* Apparently therefore, the load parameter 
_7Y. and the fracture path chosen seem to he appropriate 
to the situation. 

From Equation 2,39 it is also seen that 

dc< D 1//6 (2.4-0) 

Thus, if the diffusivity of the element diffusing from 
I into II increases from to the depth d£ of 
the fracture path is expected to he deeper and given hy, 



As an example, if = 4- , d 2 = 1.127 d^. This 

means that the wear of body II is enhanced hy about 
13$. It will he seen in a latter section how the 
changing wear characteristics of a sliding pair can he 
explained on the basis of these observations. 



CHAPTER III 


ROLE OF DISLOCATIONS IN 
DEFORMATION AND WEAR 

3.1 Plastic Deformation and Dislocations 

3.1.1 Introduction 

The theoretical strength of a crystal free 

G* 

from defects is calculated to he =rr„ — } where G* 
is the Shear Modulus (79). However, it is found from 
experimental observations that plastic deformation in 

_o )i 

actual crystals is initiated at -stress c=^ 10 J •« 10 G 
This paradox was solved by Taylor, Orowon and Polanyi, 
almost simultaneously. These workers developed the 
idea that all real crystals contain defects, called dis- 
locations and slip in crystals occurs as a result of the 
movement of these dislocations (79) • 

It is now well established through experimen- 
tal observations', that all real crystals contain disloca- 
tions which are produced in the crystals during crystal 
growth as well as by the deformation of the crystal (80)* 

3.1.2 Features of Dislocations 

In Figure 3.1 it is shown that slip has 
occurred over region I, but not over region II of a 
slip plane of the crystal. The direction of slip is 
given by b. The boundary A B C D is thus the disloca- 
tion line. Vector b describes the state of slip in I, 


; * 



which specifies the direction and distance by which 
atoms in the region I on the upper side of the slip 
plane have moved with respect to those on the lower 
side. This vector b is called the Burgers vector 
of the dislocation. Burgers vector determines the 
nature of dislocation and is its most important inva- 
rient characteristic. Dislocations with b equal 
to one lattice spacing are called unit dislocations. 

Though the Burgers vector is constant along 
a dislocation line the structure of the dislocation 
changes with the inclination of line to the slip direc- 
tion. It is convenient to regard an arbitrary Burgers 
vector b as sum of two rectangular components 
and b 2 such that is normal and b 2 is parallel to 
the given dislocation line . Thus , the given disloca- 
tion line is studied as the sum of an edge dislocation 
which is characterized by b, and a screw dislocation 
which is characterized by b^ (79). Therefore, 
b^ + b^ = b, and b. b^. In actual crystals disloca- 
tions do not always exist as pure edge or screw disloca- 
tions , rather dislocations of mixed character are the 
most common. In Figure 3*1, it can be seen that the 
arbitrary dislocation line A B C D will have an edge 
character at B and D whereas at A and C will have a 


screw character. 




When a dislocation of strength b. v . sweeps 
over an entire slip plane the two half crystals which 
meet on this plane become displaced relative to each 
other by the magnitude b = |b| in the slip direction. 
But the total deformation of the crystal is a function 
of the number of .dislocation lines present in it. This 
leads to the definition of density of dislocations 
which is defined as the total length of dislocations 
per unit volume. In most cases, however, .only those 
dislocations can be counted which emerge on the surface, 
and hence it is more suitable to consider the surface 
density (80). Thus f' is also defined as number of 
dislocations intersecting a unit surface normal to 
dislocations . In metal crystals the density of dis- 
locations after heat treatment and without any plastic 

7 8-2 

deformation is 10' - 10 cm , which may increase 

after a large plastic deformation, to a value 
in ii -? 

10 - 10 cm. . In carefully grown Si and Ge 

single crystals dislocation density may be reduced to 
a value ^ 1 - 100 cm.“ 2 (8l). 

Dislocations , found in real crystals, usually 

build up characteristic networks depending upon the 

treatment to which the crystals have been submitted. A 

li. b 

good crystal generally contains 10 - 10 dislocations 

_o 

cm. distributed in a three-dimensional network. 
According to Mott (82) and Frank ( 83 ) such a network is 


c ** 



expected to be stable, since all the nodes can be near 
to their equilibrium configurations. Etch pit techni- 
ques have shown (58) that well annealed crystals con- 
tain fairly regular networks in which dislocation 
lines are usually 10 - 100 ^ long. Such a network is 
shown in Figure 3.2. Electron microscopy has also 
revealed that in most heavily cold worked materials, a 
three-dimensional and fairly isotropic network of dis- 
locations is developed ( 58 ). This is analogous to 
Frank network of annealed metals but usually on a much 
smaller scale. Carrington et-. al. (8k) have done ex- 
tensive study of deformation on iron and have revealed 
that dislocations form nicely distributed networks 
roughly all of the same size . Those dislocation lines 
of the networks which are free to move are called mobile 
dislocations , It is such dislocation lines of the net- 
works which participate in slip and deformations. In 
order to investigate this further, it is necessary to 
study the important properties of various types of dis- 
locations . 

It is easy to visualise that displacement and 
distortion of material occurs around a dislocation. 

Such distortions are obviously absent in crystals free 
from dislocations . In the case of an edge dislocation, 
the region above the slip plane is in compression whereas 
the, region below the slip plane is in tension. On the 




other hand, screw dislocation produces only pure shear. 
These stress fields decrease as the distance from the 
centre of dislocation increases (79)* Thus, disloca- 
tions are said to he having stress fields of long range 
nature associated with them. For instance, the stress 
field of a screw dislocation shown in Figure 3.3 is 
simply given by, 




G*b 

2'7vr 5 


(3.1) 


and all the other stress components being equal to zero. 
Obviously the stress field consists of two pure shears 
( ^f'Z and <5zrr) an d these stresses decrease as the 
distance p from the centre of the dislocation increa- 
ses. It is also evident that extremely high stresses 
must be existing at the centre of the dislocation. 


Another very important ' characteristic of a dis- 
location is that it acts as a source for generation of 
new dislocations in a crystal. Thus, the large plastic 
strains occurring in practice have been explained on the 
basis that large dislocation densities are developed 
during plastic deformation. Mechanisms which have been 
suggested to account for the production of such large 
dislocation densities fall under throe categories ( 81 ) : 


(i) Frank - Read type source, 

(ii) multiple cross glide, 

(iii) multiplication by climb. 







Also, like a physical entity a dislocation line has an 
associated strain energy, line tension, velocity, kine- 
tic energy etc. (79) • These various mentioned features 
of dislocations have been found to be of great signi- 
ficance in explaining plastic deformation, creep, frac- 
ture, fatigue and many other physical phenomenae 
occuring in real materials. Also, it will be shown in 
the following chapters how the behaviour of dislocations 
at the asperity junctions can explain some phenomenae 
associated with the wear of sliding bodies. 

Since large plastic strains realised in actual 
practice have been explained on the basis of large 
number of mobile dislocations., the strain rates are also 
explained on the basis of the rate of movement of such 
dislocations. The next section forms the subject matter 
of this topic. 

3.1.3 Movement of Dislocations 

Various experiments on etch pit observation, 
growth patterns of crystals and electron microscopic 
observations have proved conclusively that dislocations 
in a crystal can move. Two basic types of dislocation 
movement, have been identified. These are, 

(i) glide or conservative motion in which the 

dislocation moves on the surface defined by 
its line and Burgers vector, and 



(ii) climb or non-conservative motion in which 
the dislocation moves out of its glide 
surface . 

Dislocations move by glide at velocities which 
depend upon stress and temperature. Johnston and 
Gilman (85) were one of the first to provide a direct 
method of measuring dislocation velocity. They obser- 
ved the movement of dislocation etch pits in lithium 
fluoride at various stages of deformation. By repiti- 
tive experiments they showed that 

v (c r, e)cx ( — ) n (3.2) 

where, V(<T,9) = dislocation velocity under the influ- 
ence of stress and temperature . 

<5~l = applied shear stress resolved in the 
slip plane, 

= shear stress when Y = 1 cm/^ec 

Q 

and n = constant ( ct 25 for lithium fluoride). 

Equation 3.2 was obtained on a purely empirical basis. 
It is, however, to be observed from the form of the 
equation that the velocity of dislocations is very 
sensitive to stress . This is so both for screw as 
well as edge dislocations. Stein and Low (86) stu- 
died dislocation velocity in Fe - 3.25$ Si using the 
same method as used by Johnston and Gilman. Essen- 
tially same equation as the Equation 3. 2 was obtained 


with ncc^.3 5 at room temperature. These authors also 
moasured dislocation velocity at various temperatures . 
The influence of temperature was also like that of 
stress, seen to enhance the dislocation velocity. 

As mentioned a dislocation line can also he 
moved by a process called climb. Climb is a process 
in which diffusion of atoms to or from a dislocation 
line occurs , This leads to the movement of the dis- 
location line. Since diffusion is a temperature 
dependent phenomenon, the movement of dislocations 
is restricted almost entirely to glide at low tempe- 
ratures. But when diffusion is possible, as at high 
temperatures an edge dislocation can move out of its 
glide plane by loosing or gaining atoms. If the dis- 
location looses a row of atoms (or gains a row of 
vacancies) it is said to climb up. On the other hand 
if a row of atoms is added to it (or a row of vacan- 
cies is lost by it) the dislocation is said to have 
climbed down. It is clear that these processes re- 
quire mass transport by diffusion and therefore climb 
is a thermally activated process. In practice, ins- 
tead of loosing or gaining a complete row of vacancies 
(or atoms) only individual vacancies or small clusters 
of vacancies diffuse to the dislocation. In this 
manner only a short section of a dislocation climbs 
leading to formation of steps on the dislocation line. 



These steps are called jogs. Figure 3.4- shows a 
single jog on an edge dislocation, logs are also pro- 
duced in a deforming material by the intersection of 
dislocations (79) • Further positive and negative 
climb of the dislocation occurs by motion of these 
jogs. It is believed that in practice, most of the 
deformations at high temperatures and high stresses 
occur by means of climb of jogs rather than of the 
entire dislocation line. This is because of the follow- 
ing reasons : 

(i) An extremely high stress is necessary to 
make the edge dislocation line climb as a 
whole (58). 

(ii) It is only at certain locations that condi- 
tions, favourable for diffusion, maybe pre- 
valent. On the other hand climbing of 1 
jogs by diffusion process is an easier one 
and has been found operative in practice. 

Therefore, in actual practice the rate at which a dis- 
location can climb should be determined by the rate at 
which the jogs can climb. And, this depends upon the 
temperature which determines the diffusion rate and 
the stresses which assist the diffusion process. There- 
fore, the climb rate of edge dislocations reduces to 
finding out the concentration and diffusion rate of jogs. 




For, if C. is the concentration of jogs and V. is the 
speed of jogs then the velocity at which the edge 
dislocation line ‘climbs = V. C.. Friedel (58) has 
shown that for large stresses, the velocity of dislo*- 
Cation derived in this manner can he finally given in 


the form 

V ( c r, 



* exp 



(3*3) 


In this equation 

D = diffusion coefficient, 
b^ = atomic volume, 

<5^ = operating stress, 

If = Boltzman’s constant, 

G = operating temperature, 
b = Burgers vector 

and ? 

C. = concentration of jogs 
DC.' 

The quantity — ^ may be considered as the velocity 
at zero stress. So it can be treated as a constant for 
a particular temperature and will be written as V 
It' s value can be calculated as follows . 

Diffusion coefficient D is given by 

D = D q exp ( - ) (3.^) 

U 

and 0^ exp ( - ) C3.5) 

where, U. = Energy of jog formation. Friedel (58) 

3 




has given the value of U. as 2.5K Q , where 9 is 

3 m’ m 

the melting point of the solid. Therefore C.o= exp 

3 

(~ 2.5 / Q ). The Equation 3,3 is specifically 

applicable when stress is very large as to that 
corresponding to the third stage of stress -strain 
curve or at the head of a dislocation pile-up (58). 

It was mentioned in section 3.1.2 that dis- 
location regeneration can occur by Frank -Read type 
of source. Under a large enough stress the source, 
can produce large number of successive loops which 
explains the large strains achieved in practice. How- 
ever, several effects provide obstacles to this 
process which may be summarised as follows : 

(i) Difficulty of bending a dislocation line 
to the radius needed to create a ring. 

(ii) The resistance to the movement of disloca- 
tions caused by lattice irregularities such 
as foreign atoms, precipitates and other 
dislocations . 

As a moving dislocation approaches an obstacle its 
energy increases. The obstacle exerts a force F 
which acts as a resistance to the movement of the 
dislocation. Using Mott and Nabarro's relation '(79) > 


F = -ef* b 


(3.6) 



the opposing force F is seen to be equivalent to an in- 
ternal stress < 01 , the magnitude of which is given by 



(3.7) 


In some cases this internal stress actually exists, 
as for example, when the obstacle is the stress field 
of other dislocations. In other cases this internal 
stress is fictitious and is merely the stress which, 
if present, would have the same effect as the obstacle 
has on the dislocation. Thus, the stress (j"' in Equa- 
tion 3.3 has actually to be replaced by an effective 
stress q " which would be defined as thedifference 
between the applied stress < 3 -^ and the internal stress 

et» ° r 


«r = CT a - 0.8) 

Also,- in Equation 3.3, the atomic -volume = if is in- 

volved in the exponential term. Author makes the 

observation that this term enters the equation because 

in the process of 'climbing up' , of the jog by one 

3 

lattice spacing an empty space of volume b^ has been 
considered to be created (58), and the thermal distur- 
bance is considered to be confined to this volume. 

q 

In other words bQ J is the representative volume in 
which the activation process of diffusion has been con- 
sidered to be affected. This is called the activation 



volume. However, experimental works of various 
workers ( 87 , 88, 89 ) have yielded that in actual de- 
formations the activation volume varies between 
10 2 b Q 3 to 103 b Q 3, Thus actually the small repre- 
sentative volume of matter (space) which participates 
in a thermally activated process is several times lar- 
ger than the atomic volume. The activation volume is 
conventionally written as v*. Therefore, using v* in 
place of b~ and in place of CT', Equation 3*3 

is written as 


v (<s-, e) = V 0 exp ( + ) ( 3 . 9 ) 

DC. 

where , ^ . 

The rate of plastic deformation of a body 
depends directly upon the dislocation velocity and is 
given by 


& = V C O-, e) f m b 


( 3 . 10 ) 


where, £ = 
. £ = 

and 


strain rate, 

density of mobile dislocations, 

dislocation velocity under a stress -cr" 
and temperature 9'. 


It is seen from Equation 3*9 and 3*10 that the disloca 
tion velocity and, therefore, the strain rate are 
sensitively dependent upon the effective stress er'* 




and not just on o~^. The temperature does not play 
such a sensitive role since it has compensatory effects 
in the terms, exp ( ) and the diffusion coeffi- 

cient D, Equation 3.9 may now he used to obtain an 
order of magnitude of the dislocation velocity at high 
s'tresses. 

Assuming for iron an activation volume 
v* ex'. 200 b ^ = 2 x 10” 2 "* cirP, and an effective 

stress 3~"- = 2000 Kg/cm 2 , 

(o' v* = 4 x 10” ^ Kg cm 

= 392 x 10“ 21 Joules. 

Also, the values for D q and Q may be taken as, 

D o = 0.14 cm/sec., (59) 
and Q = 52000 Cal/ mole, (59). 

Using Equations 3.4 and 3.5 the value of V is calcula- 
ted to be, 

V c = 27£ x °* 1l+ x exp ^ ) x 

exp ( - 2.5 ) 

The value of E, the gas constant may be taken to be 
2 Cal/mole degree K. Therefore at a temperature 
9 = 300 °K (taking the melting point © m for iron as 

1810 °K) , 

V — *3 x 10” 36 * 7 ^ 

C ~ 
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Also, at Q 
K 6 

Therefore , 

exp ( 
Therefore, 


= 300 °K, 

= 4.2 x 10~ 21 Joules, 

for these assumed values of 

CT v* v in lf0.1 
K © 10 

at cP = 20 Kg/mm 2 and © 




jjs 

v* and 


300 °K 


v ( <0 , e) cr 0.3 x 10“ 36 *^ X IO^-Wo.3 X 10 3 * 3 cm/s 
In the same manner at ^ - 20 Kg/mm 2 hut © = 373 °K, 
calculations yield, 

V ( ^5"", ©) 0.3 x 10^ cm/sec. 

i\z p ^ 

Again, at ts"" = 20 ICg/mm , and © = 1000 K 

V ( Cf", ©) a^IO^ cm/sec. 


The magnitude of velocities obtained in these calcula- 
tions indicate that dislocation velocities approach • 
that of the velocity of sound at high temperature and 
stress , In fact, in the metal forming processes where 
the stresses are close to flow stress, dislocations 
are expected to he moving with velocities os 0.8 V°, 
where V° is the shear wa^e velocity. (79). Also, the 
experimental results of Gilman and Johnson (85) and 
Stein and Low (86) show that the velocity of disloca- 
tions has an upper limit which is of the order of the 
shear wave velocity. In actual practice, however, the 
dislocations attain velocities which are only a fraction 


ec 



of the shear wave velocity. This is due to the damping 
within the lattice. 

Since strain rate is directly proportional 
to the dislocation velocity, any effect on the disloca- 
tion velocity is expected to be manifested in the 
- « 

strain rate . This is an important observation and 
will be discussed further. Equation 3**+ for the strain . 
rate is usually written in the form, 

- o v* (cr: -err) 

<= = A 1 exp ( - ) exp ( jr-g ) (3.11) 

where = constant, generally called a structure 
factor . 

Author notes with interest, that many workers (91, 92, 

93) have also found this equation to be valid under 
hot working conditions for various materials . It has 
been shown by these workers that the activation energy 
Q involved in creep, hot extrusion, compression and 
torsion is of the same order of magnitude as that 
involved in the diffusion process. On the basis of 
these experimental findings it. is therefore, concluded 
that the hot deformation processes are diffusion contro- 
lled thermally activated processes like creep at high 
temperatures . 

In the discussion on asperity interaction 
in section 2.3 it was shown that large stresses and 
deformations exist in the junction. The formation of 



wear particle occurs under conditions of large stresses 
and complex deformations . ' It is also probable that 
temperature; of few hundred degrees is prevalent in the 
asperity junction zone. As such the author believes 
that conditions which normally preva.il during hot com- 
pression and extrusion and other similar processes may 
also be existing at the asperity junctions. Accordingly 
it is quite probable that diffusion controlled thermally 
activated processes are also participating in the wear 
phenomenon. 

Also, since the stresses and strains in the 
asperity junction are very high, the density of dis- 
locations as well as their velocities are likely to be 
very high. This should lead to high rate of inter- 
section of dislocations which in turn leads to an 
excessive vacancy generation. Thus diffusion in the 
junction zone is likely to be prominent. In fact "the 
enhanced diffusion in strained materials has been con- 
firmed by several workers (61, 89 ). 

On the basis of these observations the author 
concludes that at the asperity junctions movement of 
dislocations is controlled by diffusion motion of jogs. 
Consequently, Equation 3.3 can be safely used in the 
evaluation of dislocation velocities in the vicinity 
of such junctions. Obviously, near the asperity junc- 
tion, the dislocation velocities would be very large. 


Large dislocation velocities should at any instant 
result in a significant concentration of dislocations 
at a point in the matrix. Besides, due to the high 
velocities the kinetic energy of dislocations is ex- 
tremely high at high stresses. This large kinetic 
energy should enable the dislocations to overcome 
barriers like dislocation tangles, precipitate parti- 
cles and even to generate cracks at a faster rate. 

This is because dislocations have an inherent capabi- 
lity of nucleating a crack in the matrix. In the 
present work fracture of an asperity junction has been 
considered to be due to such a property of disloca- 
tions . 

In the following section it will be shown 
as to how the dislocation accumulation at a point can 
lead to the generation of a crack. Consequently, the 
wear of an asperity junction can be discussed in light 
of the dislocation accumulation at the notch. 
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3.2 Dislocations* and Crack Initiation 

In the central region of an edge dislocation 
overlapping of the atomic cores exists. This leads 
to high repulsive forces. Due to these excessive 
repulsive forces, large compressions are difficult. 

On the other hand, large dilatational strains will 
be produced relatively easily. This is so because 
the restoring- forces do not increase indefinitely as 
the atoms are separated. It follows therefore, that 
near an edge dislocation deformation tends to be 
dilatational (94) . 

Now, if a dislocation with a large Burgers 
vector nb ( n ^ 1 ) is considered, a considerable 
amount of deformation must be accommodated near the 
dislocation. This would lead to large dilatational 
strains. Some pairs of atoms will thus be displaced 
to positions far apart compared with their natural 
spacing. If the Eurgers vector of a dislocation is 
large enough (n^> 1) the separation of atoms near 
this dislocation will be so large that they no longer 
interact and an incipient crack will be formed. This 
is illustrated in Figure 3.5. Thus, it is possible 
that a crack would develop spontaneously from a dis- 
location with a sufficiently large Eurgers vector (94) . 

It wa s mentioned earlier that the disloca.- 
tion movement can be impeded by many kinds of 



obstacles. In a crystalline material the grain boun- 
daries have been seen to be acting as obstacles to 
the movement of dislocations . This leads to the 
piling up of dislocations on a barrier like a grain 
boundary. Such pile-ups are shown in Figure 3*6. 
Eshelby, Frank and Nabarro (9?) have evaluated the 
distances between various dislocations in a pile-up 
of dislocation held up across a barrier and have 
shown that the distance be tire en first two dislocations 
is ^ 0.3 b and that between the 2nd and 3rd is cn "b* 
Rigorous analysis shows that the actual distances 
should be further less. It can therefore, be conclu- 
ded that the leading dislocations of the pile-up will 
coalesce to form a single dislocation of large Burgers 
vector, thus leading to the possibility of an inci- 
pient crack, as shown in Figure 3 * 5 - Stroh (9*+) has 
shown, analytically that the incipient crack arises 
mainly due to the short-range interaction of a few 
dislocations at the head of a pile-up. He has consi- 
dered the case of a dislocation approaching an inci- 
pient crack. It is assumed that a dislocation with 
Burgers vector b is brought near a large dislocation, 
with Burgers vector nb ( n 1). Also s an incipient 
crack is considered to be associated with this large 
dislocation. Stroh (9^) k& s shown that the force F 
which the giant dislocation exerts on the unit dislo- 
cation is given by 
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Fig, 3.5 ; Dislocation $ifh Burgers Vector 4b 
Showing An Incipient Crack. 











^ nbD 2 

F = , (for large x) (3.12) 

* 

where, D 0 = JO (3.13) 

2 ‘7\ ( 1 - V>) 

and ">7 = Poisson’s ratio. 

This is the usual expression for force "between two 
like dislocations. For very small values of x on 
the other hand, 

b D 

^ 4 x (3.1*+) 

This shows that for sufficiently small values of dis- 
tance x the two like dislocations attract one another. 
This attraction arises because, when the distance 
between the dislocations is very small, the crack acts 
as a free surface and so gives rise to an image force 
attracting the other dislocation to it (94). The ge- 
neral relation between F and x is exhibited graphi- 
cally in Figure 3.7. It is seen that the presence of 
the crack makes very little change in the force until 
the dislocations are within a few atomic spacings .of 
each other. At short distances the repulsion attains 
a maximum and then drops quite steeply. The maxim-urn 
stress cr-^ opposing the addition of a further dislo- 
cation to the compound dislocation with Burger vector 
n b decreases very sharply as n increases. Figure 3*8 
shows this effect and it leads to the conclusion that 
the most difficult stage in the crack initiation is in 








bringing the first two dislocations together. When 
this is achieved, further dislocations can he added 
more easily and so once the process has started, the 
crack should develop rapidly. Thus, while the ini- 
tiation of a crack at the head of a pile-up is due to 
the interactions of few leading dislocations the rest 
of the dislocations serve to produce high stress con- 
centration required to force the leading dislocations 
together. Author therefore makes the observation that 
the dislocation density has to reach a certain minimum 
in the region, before the proper stress concentration 
can be attained. In the present work also, .this 
observation has been made use of, to explain the 
fracture and wear of an asperity junction. 

It can be shown that a pile-up of disloca- 
tions can result in proper stress conditions to ini- 
tiate a crack at the head of the pile-up. Figure 
3»6a shows a pile-up of n positive edge dislocations. 
The leading dislocation is locked up in position and 
the remainder, which are free to move in the slip- 
plane, are held in equilibrium by an applied stress 
The total stress round such a piled up group 
arises from two sources : 

(i) Stresses due to the locked dislocation 
and the applied shear stress. 

(ii) The stress due to (n - 1) free dislocations. 



Mathematical treatment due to Stroll ( 96 ) 
of this . case yields the maximum value of the total 
stress, to occur at-Q~= 7 0.9° and its magnitude is 

(T m = < ^ > < ^) 1/2 0' a (3.U) 

Also, the condition for the crack initiation reduces to 
■ 12,X,G* ( = 12 *l?/b ) (3.16) 

Since length r does not occur in Equation 3*16 it 
follows, that if this condition is satisfied for one 
length t of crack, it will he satisfied for all 
lengths of the crack. Equation 3*16 is thus considered 
as the condition for the initiation of a crack at the 
head of the pile-up. Eor most of the metals cx( ( .06 

( 96 ) . Therefore the condition for crack nucleation 
reduces to 

n <T a > 0*7 G* (3*17) 

or nt< y, 12 *9 ( 3 . 18 ) 

cl f 

Author observes that for a material like steel in work 

9 -2 

hardened state C7~l 2 2 10 dynes cm and 

cl 

10 mmO 

G nisr'IO dynes cm . With these values, n turns 
out to be oa 300. Thus a crack should get formed 
around a dislocation pile-up of about 300 dislocations. 
With b ~ 2 x 10”® cm, motion of 300 dislocations gives 
a slip height of as 600 A and some evidence exists 

(97) for steps of this height. This magnitude however, 


is not very common. On the other hand., the experi- 
mental observations have often yielded, existance of 
crack at the head of piled-up groups lying in several 
slip planes and against a common harrier. This situa- 
tion is shown in Figure 3.6b. E a ch of these pile- 
ups may then he considered as being formed under a 
stress consisting of the applied stress together with 
the stress due to the other pile-ups. This situation 
is similar to the existence of slip band, meeting on 
a grain boundary. Now, two piled-up groups, each of 
n dislocations in different slip planes as shewn in 
Figure 3.6 are considered. The leading dislocations 
are locked in positions on the same normal to the 
slip planes. If the interaction between different 
dislocations in different slip lines is neglected, 

each pile-up is formed under the applied, stress c5"^ 

* 

alone. However, when the shear stress due to the 
other pile-up is considered the analysis yields the 
effective shear stress on each pile-up to be 
= 2 (94). From this result and the condition 

n b 12*^ it is seen that the number of dislo- 

cations required in each pile up to produce a crack 
is only half of that needed for an isolated pile— up. 
This result can be extended to more than two pile- 
ups. Therefore, when several piled-up groups are 
held up against a common barrier, it requires the 



existence of fewer dislocations on each pile-up to 
satisfy the condition, n b <3“^ ^ 12 4 )? to initiate 
a crack. Since there might be about 10 slip lines 
in one slip band, the number of dislocations required 
per slip line is reduced from about 300 to a less 
than a hundred. This value is often observed experi- 
mentally. : 

Thus, it is concluded by the author that 
obstacles where dislocations get piled-up offer 
possible nuclei for the initiation of a crack in a 
body. The obstacles can be grain boundaries, second 
phase particles or immobile groups of dislocations. 

The number of dislocations that can be supported by 
an obstacle depends upon the type of the barrier, 
structural features at the barrier, the material and 
the temperature. The breakdown of a barrier in 
general can occur by slip on a new plane, by . climb 
of dislocations around the barriers or by generation 
of high enough stresses to produce a crack. 

The initiation of a crack by dislocation 
accumulation can be of great significance in deter- 
mining the fracture characteristics of a material. Xn 
the following section it is seen how this property of 
dislocation accumulation can be responsible for affect- 
ing the wear characteristics of a sliding pair. 



3.3 Dislocations and Fracture of Asperities 

During Wear 

3.3*1 Dislocation agglomeration at a notch 

It has been revealed by many experimental 
and analytical investigations that the interaction 
between dislocations and bimetallic interfaces or 
surface layers plays an important role in determining 
the surface properties of metals. The first analy- 
tical work on elastic interaction of dislocations with 
a surface layer is due to Head ( 98 ). He gave a con- 
dition for the stable equilibrium of dislocations near 
a surface. Conners (99) studied the interaction bet- 
ween a surface layer and an edge dislocation. Tamate 
and Kurihara also studied the behaviour of screw and 
edge dislocations near an interface with geometric 
irregularities. The main objective in these works 
has been to investigate how the surfaces with diffe- 
rent relative elastic properties attract or repel 
dislocations lying in the bulk of the solids. These 
workers have shown that when the surface is nascent 
and there is no surface layer present, dislocations 
are attracted to the surface under the action of a 
force which varies inversely as the distance from the 
surface . But, when a surface layer is present as is 
generally the case with all exposed surfaces, dislo- 
cations close to the surface are repelled, while the 
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dislocations far from the surface are attracted « In 
this process an equilibrium position is established 
beneath the surface where these dislocations get piled 
up in an equilibrium state. Since the plastic beha- 
viour of solids is governed by the behaviour of dis- 
locations, such piling up can affect the mechanical 
behaviour near the surface layers. It is necessary 
therefore, that wear characteristics of surfaces be 
studied in relation to behaviour of dislocations near 
biometallic interfaces formed between two asperities 
as discussed in Section 2.3. 

Warren (100) has investigated the possibi- 
lity of clustering of dislocations beneath a surface 
irregularity. He has considered the particular case 
of a notch and protrusion on an elastic half-space, 
the surface of which is stress free. Force acting 
on a dislocation is calculated as the gradient of the 
elastic strain energy. 

It is known that force of attraction 
F/unit length, exerted by a free surface on a dislo- 
cation at a distance r from the surface, is given 
by 

* P 

TP — O’ t) 1 / *5 i Q\ 

F " 4- V\ (i -V) r ’ (3«19) 

for an edge dislocation and, for a screw dislocation. 

F = l (3.20) 



Warren has shown that the presence of the notch does 
not alter the order of this force singularity. How- 
ever, an additional force term of the order of ( — ^ — ) 

v/r~ 

is added to the force F. Thus, the notch creates a 
major effect of attracting the dislocations towards 
it. This, therefore , should lead to accumulation of 
dislocations at the notch or the crack tip. Figures 
3.9 and 3.10 show two cases considered by Warren* 

In these figures the line segments show the magneti* 
tude and the direction of the force acting on a dis** 
location located at the position of the directed 
line segment. It appears, therefore, that if these 
dislocations become mobile, say, when a large stress 
is applied these should agglomerate at the notch. 
Also, since the piling up of dislocations can initia- 
te a crack at such a point in the matrix, such agg- 
lomeration would increase the probability of crack 
initiation at the notch. Author proposes that this 
agglomeration of dislocations at the notches may be 
utilized to explain the fracture and thus the wear 
characteristics at the asperity junctions. This is 
explained in the following section. 

3.3.2 A simple model for the dislocation agglo- 
meration at the notch. 

It was explained in section 2*3 how the two 
independent asperities I and II match up and get 
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welded to form a single body which subsequently gets 
deformed and fractured. Thus the two body junction 
has efsentially reduced to a single body with notches 
at C 1 and Cb, as shown in Figure 2.4-. Under these con- 
ditions Warren's results on notches may be considered 
in evaluating the failure behaviour of such junctions. 

Let t. be the life of a typical asperity 

d 

junction, Ideally, at the high value of stresses, 
involved in the deformation state, the dislocation 
velocity approaches shear wave velocity. In practice, 
however, the actual velocity attained would be a 
fraction of this velocity. Since the notch has been 
shown to be acting as a focal point towards which the 
dislocations get attracted, the high velocity of the 
dislocations will enhance such accumulation. Assuming- 
typical values as, 

-4- 

a (junction width) err 15 x 10 cm 

V (sliding velocity) ci 50 m/min 
s 

and V (average dislocation Cl 10 m/sec 
0 velocity) 

the life of a typical junction results to be ci 18 x 
10" 6 sec. If the dislocations are expected to 
agglomerate at the notch from a distance rd the 

time required for the dislocations to travel a dis— 

O 

tance of 'a'cr 10 x 10 sec. This time is much 
less than the junction life. These calculations show 






(i) Initially the dislocations arc unifor ml y 
distributed in the asperity. 

(ii) Dislocation density in the bulb is uniform 
at all stages. 

(iii) Velocity of dislocations is constant at all 
stages . 

(iv) The forces between dislocations are neglected, 

(v) Temperature effects on velocity dislocations 
are also neglected. 

Referring to tho Figure 3.11 lot the number 
of dislocations in the circle with a radius r be n * 

If the apex angle of the asperity is P , the distance 
between two neighbouring dislocations on the same cir- 
cle isAc; P r / n • If dislocations are assumed to 
lie on radial arcs as shown in the figure, the distan- 
ces between two consecutive circles is also A 
Considering the asperities to be of unit thickness the 
volume b v associated with an element of radius b r 
can be calculated as : 

If, Sr = (r + A>) - (r - Aj) , (3*21) 

then, SV =](r + ) £ - (r - |^) 2 j4 

= ' ( 3 . 22 ) 

Since, tho number of dislocations in this volume 
S"v = n r and density of dislocations is given by 
the equation 


( 3 . 23 ) 
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r 2 / n 
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n is obtained as, 
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( 3 . 24 ) 

( 3 . 25 ) 


Now an infinitesimal area x x bounded 
by radius ri and arc Pri , at the apex of the aspe- 
rity I may be considered. At the. instant, t the 

o 

number of dislocations in this small volume is simply 
given by 


K ri (0) = ( -^Ir ) (3.2?a) 

Now, since at. time t the deformation of the asperity 

junctions has commenced, dislocations, will start . 
agglomerating near the notch as discussed in the pre- 
vious section. 


After time t total number of dislocations 
in area- 0^ x x is assumed to be equal to the initial 
dislocation quantity plus all those dislocations which 
can reach the apex during time t. If V is the 
dislocation velocity then the dislocations lying on 
the circular arcs of radii within r i + V Q t can reach 
the apex in time t. 


Then the number of dislocations within the 


zone x x after time t will be given by 


n 


+ fiyjr- (ri + .a ) + 


^/3g''(ri + 2 A ) + ... + ^7 ^ (ri + V 

(3.26) 

t^ 2 P + f>y-p- 1 (rl +Ci ) + 


n 


o 


i. 


(ri + 2 A) + ... + (ri + V Q t) ; 


1 ( 3 . 
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The sum of the series within the brackets is calcula- 
ted to be 

V t 7 'jf i 

-° vO- /-o ^ — 1 — + y t ) 


N 


So, ri (t) = 


2 

t B"”‘ 2 


(2 ri + 


y & 


(3.28) 
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Thus, the density of dislocations after time t in 
the area C 1 z z of the asperity junction, is 


W • o \ V t 

(t) = -^ - U I = f it -2-, 

rl f$ri 2 /2 0 l. '- 2 
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(2 ri + V Q t + 
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( 3 . 30 ) 


Equation 3.30 shows that the density of dislpcations 
at the notch of the asperity Junction increases con- 
tinuously with time. Also, for the same period of 



of tine t, dislocation density will be higher if the 

dislocation velocity is higher. When the density of 

dislocations (t) at the notch is plotted as a 

function of time for a constant dislocation velocity 

V . a curve of the form 0 - 3 as shown in figure 4 . 1 4a 
o 7 - 

is obtained. The curve clearly shows the fast increa- 

o 

sing trend in 1 . (t) as time increases. However, 

it can be argued that such increasing trend cannot 

persist indefinitely and the dislocation density will 

attain an upper limit of after some time. Also, 

the curve for (t) will in general start from an 

initial value F which will not be equal to zero. 

o 

The following observations will help to have an idea 
of f 0 and Pjja- 

(i) All crystals even in. the annealed state 
have dislocations in them. The disloca- 
tion densities in ordinarily heat treated 
crystals is 10 6 - 10®. Therefore the 
curve 0-3 for J' r± ( t ) should start from 
a finite value of JqCZ- 10 - 10 cm % 

at t = 0. 

(ii) Even in the heavily deformed materials the 

11 12 

dislocation density of only 10 - 10 

have been reported. Values higher than 
these do not seem to occur. Therefore, this 
value may be considered to be the upper 


limit for dislocation density in a deforming body. 
Based on these two observations the curve 0 - 3 3 for 
r j_ (t) in Figure is shown as starting from 

an initial value of ,f Q and reaching the upper limit 
'A.im an a ccr ’' :a i n period of time which is designa- 
ted as i?^ , From the nature of the Equation 3»30 
it is clear that if the dislocation velocity is in- 
creased somehow, the density of dislocations at the 
notch will increase at a greater rate than given by 
curve 0 - 3 • In such a case the dislocation accumu- 
lation at the notch as a function of time would be 
shown by the curve 0-1 instead of 0 - 3 of Figure 
It will be seen in the next chapter that the 
application of an external magnetic field to an as- 
perity. junction can cause such an increase in the 
accumulatioh of dislocations at the notch. Further, 
if the dislocation accumulation at the notch becomes 
preferential, the fracture characteristics at the 
notch can be different. This would affect the wear 
characteristics of the sliding pair. These aspects 
will be further discussed in the following chapter. 


CHAPTER IV 


EFFECT OF MAGNETIC FIELD OIT WEAR 


4.1 Ferromagnetism and Magnetic Domains 
4.1.1 Origin of Ferromagnetism 

Materials which get magnetised when placed 
in a magnetic field are called ferromagnetic materials 
and this property of such substances is known as ferro- 
magnetism. The .most common ferromagnetic materials are 
iron, cobalt and nickel. There are two possible atomic 
origins to ferromagnetism, the orbital motion of elec- 
trons and the spin motion of electrons. Atoms which 
exhibit magnetism are generally called magnetic atoms. 
Due to the orbital and the spin motion of electrons a 
magnetic atom has magnetic moment . M 0 and angular 
momentum P associated with it. The smallest magnetic 
moment is called the Bohr Magneton. The ratio K /P. is 
referred to, as the gyromagnetic ratio 1 g*. On the basis 
of experiments conducted to measure 1 g 1 it is establi- 
shed now, that the magnetic moment of the important 
magnetic atoms like Fe, Co and Ni are caused mainly by 
spin motion of electrons and orbital motion is said to 
be quenched in these materials (101). In the case of 
the ferronagnetic state the spire of various atoms are 
aligned parallel to one another as a result of strong 



interaction acting between the spins of -the neighbour- 
ing atoms . 

How the spin magnetic moments are aligned to 
produce net ferromagnetism is briefly examined in the 
following paragraphs. 

Let a collection of n^ magnetic atoms each 
with a magnetic moment 1^ be considered. Further, these 
atoms are assumed to be aligned due to their individual 
magnetic moments alone, and do not interact. If a mag- 
netic field H is applied to such an ensemble, a couple 
acts on each magnetic moment which is opposed by the 
thermal agitation of the atom. A simple calculation 
can give an idea of the order of magnitude of H_ needed 

t * S 

to counteract the thermal agitation. 

Let 9 ov. 300 °K and n- = 1 . 

The value of (Bohr Magneton ) = 1.16 x 10~ 29 

Weber - meter. 

Maximum value of the couple due to magnetic field is, 

= 1.17 x 10~ 29 H g , Joules. (H g is in . 

ampere/meter) 

Energy of the thermal motion of an atom is 

IC 0 cf 1.38 x 10" 2 3 x 300 on *f.1 x 10" 2 " 1 Joules. 

6 

Thus even with a very strong field HgO^IO ampere/mete 
(the highest available in the laboratories), it Is -seen 


that 


Of. 2) 


Ke » °h 

This shows that even at room temperature thermal agita- 
tion is sufficient to make the angular distribution of 
atomic moments almost random. The magnetic field nece- 
ssary to counteract the thermal agitation is 

H s c ^10 8 (^o 6 Oersteds) 

(>+.3) 

Better calculations show this value, to be cx 10^ ampere/ 
meter ( ex 10' Oe). figure (^.1) shows for iron, that 
with no mutual action between atoms how enormous fields, 
are required to saturate a magnetic material at room 
temperature. Therefore, it is very hard to magnetise 
an assembly of free atomic moments to any considerable 
extent at room temperature. In practice, on the other 
hand, the external magnetic fields needed to magnetise 
a ferromagnetic substance are 

H g cat 1 ^ ~§ ter ;£ ' or su P er all °y } a s °it magnetic 

material, 

and, H g x 5 x 10*^ mftor 6 ' for Alnico > a typical per- 
manent magnetic materials (101). 

Most of the ferromagnetic materials can be saturated by 
magnetic fields whose intensities lie between these 


two values 
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Weiss (102 ) was the first to recognize and 
solve this paradox in the classical manner. He postu- 
lated the existence of a strong inherent interaction 
hetween the magnetic moments.- The interaction is such 
as to counteract the thermal agitation and resulting 
in perfect alignment of the atomic spins at room tempe- 
rature, inspite of the thermal agitation. Thus, a crystal 
is expected to have this inherent magnetisation called 
the spontaneous magnetisation. Tho effect of the exter- 
nal magnetic field is merely to change the direction of 
this spontaneous field towards the applied field. Weiss 
called this inherent field as the molecular field acting 
on each atomic moment and calculated its value for iron 
to be 10* ampere/meter ( 10^ Oersteds). 


It was shown by Heisenberg (103) that the 
molecular field postulated by Weiss can be explained in 
terms of quantum mechanical forces of exchange acting 
between electrons in neighbouring atoms. If two magne- 
tic atoms are lying apart, each atom has an associated 
magnetic moment of one Bohr Magneton. In addition to 
the usual electrostatic and much weaker magnetic forces 
between them, a potential energy cs ® j_ j between the two 
spins s . and S'. exists which is given by, 

1 J 


E . . = . 2 J s . 

ij * ex l 


( 4 . 4 ) 


where J is the exchange integral. If J x is positive 



this energy is minimum when s ± is parallel to s\,. 

If <I ex . is negative, the antiparallel state of s\^ and 
s . is the stable one. Thus positive value of >1 re- 
suits in ferromagnetism, whereas negative value of J 
results in anti ferromagnetism. Thus J is a measure 

€3 .a. 

of the inherent magnetic interaction. 

\ 

It is not possible to understand the nature 
of exchange force from classical anal 3 r sis (101). It 
is however, recognized now that the ’itinerant 1 or the 
'collective electron model' in which electrons are 
thought of as wandering through the crystal lattice is 
the appropriate basis for explaining ferromagnetism 
in materials like Fe, Co and Ni. 

4-. 1.2 Concept of Magnetic Domains 

The internal molecular field of the order of 
10 7 Oe postulated by Weiss would lead directly to the 
prediction that all ferromagnetic crystals below their 
curie temperatures would exhibit spontaneous magnetisa- 
tion even in zero fields. , But, in actual practice such 
crystals are observed in a zero state of overall mag- 
netisation. To overcome this difficulty Weiss postu- 
lated the existence of 'domains' or 'small regions' 
which are small volumes of material containing 
Cm 10 1 ? - 10 2 " 1 atoms. These domains are magnetised 
spontaneously due to the presence of molecular field, 



"but tlioir resultant magnetisations are randomly orien- 
ted. Due to this, overall magnetisation of the crystal 
along any direction is zero. The effect of an externally 
applied field is then, not to induce any magnetisation 
at atomic level hut to align the magnetisation vectors 
of the domains. This happens either by change of the 
domain shape or by actual rotation of the magnetisation 
vector. Experimental works of Barkhausen (104-), Sixtus 
and Tonks (105), Bitter (106) and many others have fully 
established the physical existence of such domains in 
all ferromagnetic materials, Landau and Lifshitz ( 107 ) 
showed theoretically that it is necessary for a crystal 
to break up into domains to reduce its magnetostatic 
energy. Formation of domains reduces the magnetostatic 
energy considerably. Thus, a crystal goes on subdivi- 
ding itself into more and more domains until the energy 
needed to form an additional boundary separating the 
domains is greater than the consequent reduction in mag- 
netostatic energy. Bloch ( 1 08) showed theoretically 
that the "boundary between neighbouring domains is not 
sharp on atomic, scale but is spread over a finite thick- 
ness. Within this boundary the direction of spins 
changes gradually from one direction to the other. This 
transition layer is usually referred to as domain wall 
or Bloch wall. It has also been verified experimentally 
by several workers ( 109 ) that the domain wall has actually 
a finite width. Figure b.2 shows the variation of spins 









across, a domain wall. When a magnetic field is applied 
to a ferromagnetic material, the domain structure chan- 
ges in such a way as to increase the resultant magneti- 
sation parallel to the external field. On the applica- 
tion of the field parallel to one of the domains, the 
spins inside the neighbouring domains experience no 
torque resulting from the field, because their directions 
are either parallel or antiparallel to the field. How- 
ever, since the spins inside the wall make some angle 
with the field directions, they, under the action of a 

torque start to rotate towards the direction of the 

of 

applied field. As a result this rotation of spins in- 
side the domain wall, the centre of the wall is 
displaced as shown in Figure 4-. 3. This results in an 
increase in the volume of those domains which have their 
magnetisation parallel to the external field. This pro- 
cess is called domain wall displacement. As the field 
is increased the domain magnetisations rotate towards 
the field direction, and ultimately the crystal is 
saturated. The domain wall shorn in Figure bJZ , is re- 
ferred to as 180° wall as the change in the direction 
of magnetisation from one domain to the next is through 
180°. When the rotation is through 90° tho is 

called as 90° wall . Very complex domain patterns are 
observed in practice depending upon the crystal struc- 
ture, the impurities of the material and the history 
of the specimen. 


4- .2 Interaction of Dislocations and 

Domain Walls 

4-. 2.1 Magnetostriction 

The internal magnetisation in a ferro- 
magnetic crystal causes it to deform along the direc- 
tion of the magnetisation. This is mainly due to the 
interaction of the magnetic dipoles (101). The de- 
formation is maximum in the direction of the sponta- 
neous magnetic field and the magnitude of this strain 

-4 -6 

is generally 10 ' - 10 . When a demagnetised 

crystal is considered the overall change in size due 
to the spontaneous magnetisation in any direction may 
he taken to he zero since the spontaneous field is 
distributed uniformly in all directions in the crystal. 
But, when an external magnetic field is applied all 
domain magnetisations tend to lie in one direction 
and a net change in dimension is observed. This phe- 
nomenon is called magnetostriction. When all the 
domain magnetisations lie in one direction the overall 
magnetostriction of the crystal has the maximum value. 
This can he achieved when a saturating magnetic field 
is applied to the specimen. Figure 4- .4- shows the re- 
lation between the magnitude of the magnetostriction 
and the magnetic field intensity. 






Thus when a saturating magnetic field is 
applied to a ferromagnetic specimen the change in its 
dimensions alojig the direction of the field is 

A = £1/1 c=u 10~ 5 - 10~ 6 . A is usually ca.lled 
the magnetostriction coefficient. It is also some- 
times called the longitudinal magnetostriction 
coefficient. Experiments have, shown that magnetisa- 
tion also results in magnetos trie ti on at right angles 
to the field direction. This is called the transverse 
magnetostriction and is denoted by It is nega- 

tive and its magnitude is half of that of the longi- 
tudinal magnetostriction. Thus, )\^ = - A /2; (110). 
The magnitude of the magnetostriction coefficient 
also depends upon crystallographic direction conside- 
red. This is because of the anisotropic properties 
of the crystals . Therefore in crystalline materials 
generally magnetostriction is considered to have an 
overall average value o=; )v . In the present work also 
only such an average value is considered* 

4*2.2 Nature of the interaction of disloca- 
tions and domain -walls . 

Many of the properties of ferromagnetic 
crystals depend upon the structural defects present 
in the crystals . ■ This is because the lattice defects 
are associated with stress fields. Dislocation is 
the most important lattice defect which governs the 



"behaviour of all materials including ferromagnetic 
materials. In a ferromagnetic crystal the stress 
fields of dislocations interact with the magneto- 
strictive stresses in the crystal. Such an inter- 
action is referred to as the magnetos trie tive 
coupling (111). 

It was pointed out in section 3.1 that 
sources of internal stress exist in materials which 
hinder the easy move merit of dislocations. Disloca- 
tions which do not lie on their slip planes also act 
as source of hinde ranee to the easy movement of other 
dislocations (58). In ferromagnetic materials dis- 
locations act as a source of hinderance for the 
displacement of the domain walls. Dislocations also 
affect the arrangement of domain walls during and 
after magnetisation. On the other hand, domain walls 
also influence the movement of dislocations. The 
interaction, is therefore, mutual in nature. It has 
"been reported (112) that dislocations are pinned by 
the domain walls. Also, special domain formations 
around dislocations have been reported ( 113 ). On the 
basis of such experimental observations and also 
theoretical reasoning (111), the interaction of dis- 
locations and domain walls is considered as a source 
of internal stress in the body.. Such a source of 
internal stress will not allow free movement of dis- 
locations across a crystal. Consequently, if this 


source of internal stress is eliminated, dislocations 
would travel more freely through a ferromagnetic 
crystal. Chebotkevich et. al. (114) in their experi- 
ments on Fe - 3 % Si have observed that the displacement 
of the domain wall causes a shift in the position of 
the dislocation. This is considered to be possibly 
due to the reason that the displacement of the wall 
relieves some stress on the dislocation causing it to 
shift its position. Recently, Eayashi (115) has also 
observed similar movements of dislocations in Ni - 
Co alloy. 

A dislocation is also accompanied by a mag- 
netic moment.. But, its interaction with domain walls 
has been calculated to be too small to affect its 
motion in a ferromagnetic crystal (114). It is thus 
recognized that the primary interaction between a dis- 
location and a domain wall is magnetostrietive in 
nature. Therefore it is useful to study this in some 
detail. To start with, the interaction of a screw 
dislpcation with a domain mil is examined, briefly. 

Figure 4.5a shows a 180° domain wall in YZ 
plane with magnetisation H at an angle 0 with the 
Z axis. A screw dislocation lies along the direction 
OZ subtending an angle (90° - ) at a strip Z^ Z^ 


of ‘ the domain wall . 
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It was mentioned in section 3.1 that the 

# 

stress field of screw dislocation is one of pure 
shear. With reference to Figure 4.5a these stresses 
in cartesian coordinates arc written as 
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Substituting if 
he written as , 
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(4.5a) 

(4.5b) 


tan (y/x) these stresses can also 
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The shearing strains caused by these stresses are as 
follows : 

(4.6a) 
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_xz _ 
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(4.6b) 


"yz 2G* ^ 4 /\ x 

The strip z^ z^ of the domain wall may now be exami- 
ned in isolation. The magnetisation will cause a 
s train >s in the direction of l^and a contraction 
0 f —^4 in the directions perpendicular to H . Thus 
at a point P on the face 0-2-3-4 of this strip z ^ z ^ 


1 

strains o, = \ and e 2 = - X s / 2 win be set up 

along the direction ol H and normal to it respectively. 

Also, strain e^ = - will occur normal to yz 

plane. Transforming the strains e 13 e 5 and e into 
the x, y, z set of coordinates, it is seen that at 
point P, 


e xx = ” 2' 3 

h yy = Sin 0 — 2 Cos^ 0 , 

G zz = Cos2 ^ - 2 ^ Sin2 0 ? 

and e yz = | Sin 0 Cos 0 * 


<S7a) 
(4- ,7b) 
(4- ,7c) 
( 4-.7d) 


Similar strains are also developed at every section 
of the domain wall which has a finite thickness. 

Since tho re arc constraints from the surrounding ma- 
terial those strains cannot actually occur. The 
strains therefore, develop equivalent stresses. 

Since tho direction of magnetisation changes from one 
section of the domain mil to the other, the magni- 
tude of these magnetos trie tive stresses also changes 
within the wall. The exact calculations of these 
stresses is quite complicated one and Beider (111) 
seems to be the only one to have worked out these 
stresses in detail, for some important types of walls . 

Since the objective here is to obtain only 
order of magnitude of these stresses it is not 





considered necessary to pursue the exact analysis. 

Therefore, it is adequate for the present 
work to recognize that due to tlie magnetos trictive 
property of the material a state of stress is deve- 
loped within the domain wall. The stress components 
at point P will interact with the strain components 
of the dislocation given by equations 4.7. Thus, a 
dislocation moving in the neighbourhood of the domain 
wall would experience a stress field due to the do- 
main wall. This stress field would hinder the free 
movement of the dislocation across the wall. The 
component of the magnet os trictive stresses which can 
exert a force on the screw dislocation shown in 

Figure 4,5a is CTT . From Equation 4.7d the magni- 

7 V ' 

tude of 6 = ( — ?r“ ) G 

yz f- 



= -§ X G*Sin 2 0 ( 4.8 ) 

Therefore, the dislocation in the neighbourhood of a 
domain wall will experience a magnetos trictive shear 
stress of X G*( § Sin 20). The maximum value of 
this stress is ^ /4 g G v when 0 = 45 • In this situa- 
tion the dislocation is lying at 45 to the direction 
of magnetisation II. Reider (111) has made exact esti- 
nation of tho stresses , within s- domain wall in impor-* 
tant cases of Fe 9 Co and Hi* In general 9 all these 


stress components have been shown to be of the form 


C* X, G* /(Sin 0 ) (4.9) 

where, 0 is the angle between the direction of mag- 
netisation and a coordinate axis . The value of 
X (ft or materials like Fe and Ni ^ 0.5 - 0.6 kg/ 
mm (116). Thus, the maximum contribution of the 
domain wall to the internal stress may be taken to 
be ci 0.5 - 0.6 kg/mm 2 . 

A domain ira.ll also exerts a repulsive force 
on an edge dislocation lying in suitable orientations. 
Trauble (111) uitilized the exact magnetostrictive 
stress components evaluated by Reider for a l80° wall 
in iron. 1-Ie calculated the force on a dislocation 
lying parallel to a (110) domain wall as shown in 
Figure 4.6. The magnitude of the stress exerted by 
such a domain wall on the dislocation .is shown in 
Figure 4.7. It is seen from the figure that the 
maximum value of the stress acting on a dislocation 
due to domain wall is cn 0.6 kg/mm and it cor res- 
ponds to the magnitude of product of / s an -b G. 

On the basis of these investigations a do- 
main wall is generally referred to as an extra source 
of stress resisting the easy movement of a disloca- 
tion across it. Thus, in addition to other sources 








of internal stress domain walls are also a source of 
internal stress in a ferromagnetic tody. It seems 
logical therefore, that if the domain walls of a 
ferromagnetic tody are eliminated this source of the 
internal stress would he eliminated. Consequently, 
the dislocation mobility in the ferromagnetic body 
would increase. It was discussed in section 4-.1 
that the elimination of domain walls is achieved 
when a strong constant magnetic field is applied to 
a ferromagnetic material. In other words, the appli- 
cation of an external magnetic field of sufficient 
strength to a ferromagnetic body should reduce the 
internal stress in' the body by a magnitude 
cf G*\‘(c£. 0.5 kg/mm 2 ) . 

To verify whether an external magnetic 
field docs in fact reduce the internal stresses in a 
body, the author proposed to conduct a suitable test 
for the purpose. 'Several tests are suggested in the 
literature ( 117 ) which give an idea of the internal 
stress in a body. The method of stress-relaxation 
is however, frequently used. In the present work 
also a stress -relaxation test was conducted. Details 
of this test will be given in the next chapter. 

It was found from these tests that the appli 
cation of a steady magnetic field (H^ 200 0 e ) results 


in a decrease in the internal stress as well as in 
the yield stress. The fall in the yield stress and 
the internal stress is found to he 0.9 kg/mm 2 and 
Cs 0.6 kg/mm ; respectively. This reduction in stress 
confirms that the elimination of domain walls does 
indeed reduce the internal stress on the average hy 
a magnitude equivalent to the magnetos trie tive stress 
G* X- Hayashi ( 1 1 8 ) has also conducted stress 
relaxation test on nickel. Ho has found that the 
application of an alternating magnetic field to a 
nickel single crystal also reduces the internal stress 
in the crystals . 

It can he easily seen that a fall in inter- 
nal stress should also he observed as a decrease in 
yield stress of a material. The yield stress of a 
crystalline material is given by equation ( 119 ) > 

cr y = <sq + Ky d- 1/2 (4.io) 

yield stress, 

frictional stress resisting the motion of 
dislocations, 

measure of extent to which dislocations 
are piled up at harriers, 
grain diameter. 


whe re 
•o 
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it is apparent from the Equation l 

that any fall 

in yield stress due to the magnetic. 

a tion should he 

primarily a consequence of the f a u 

^ in the internal 

stresses in the body which obstru ct 

the free movement 

of dislocations. This also exm a ^ 

hs therefore, the 

fall in the yield stress observe v 

“ the author in 

the present work. Author propose « + 

to substantiate 

this with the following observation 

When a Frank-Read loon ^ , , 

A S-tdes through a 

Frank network, it has to cut acm^ 

0Sfa the 'forest' 

of 'trees' set up by those disl 0Oa4 .. 

a tions which pierce 

the slip plane of the loop. 

The interaction- between v 

a Frank - Read loop 

and 'trees' is of short-range ordf^ 

er * In B.C.C. and 

F.C.C. crystals the 'trees' have 

strong elastic in- 
teraction with a moving loop. „ 

as two disloca- 
tions can attract or repel each o+r,. 

ue r, a 'tree' can 

attract or repel a moving loop depend . 

spending upon their 

mutual orientations. If the two = +*■» * -x 

a '-tract it results 

in an 'attractive junction' and if 

A they repel it 

results in a 'repulsive junction*' ^ n 

• Barrington et al 

(84) have shown how in B.C.C. i ron ^ Wo a, 
dislocations join to make one | < 1Q0 ^ ^ Qf 

dislocation, resulting in an a ttractive junction as 
shown in Figure 4.8. In this f igu re the 
lines x - x' and y - y' iesi gmte twQ 









2 *C m ^ dislocations before interaction, separated 
by a certain distance. When they approach each other 
under attractive force they react to form a third 

^ 100 dislocation P P 1 . These intersections 

act as sources of resistance for a dislocation loop 
because a net force is needed, to break up such an in- 
tersection. Saada (120), Carrington et. al. (84) have 
shown that the stress needed to break such a 

J 

junction is , 

CT, ■ ? ' ~ (4.11) 

J ■ 

where, G is the shear modulus, 
b is the Burgers vector, 
and 1 is the network size. 

This expression gives large enough stresses to make 
it probable that attractive junctions contribute 
substantially to flow stress. Also Carrington et. al. 
have studied the arrangement of dislocations experi- 
mentally, in iron in various conditions like annealed, 
cold worked, recovered and after creep. In all these 
cases they have confirmed the existence of attractive 
junctions formed by inter section of two ^ <4 111 )> 
dislocations to make one | <. 100^? dislocation. 

In this manner it is possible that a definite con- 
tribution to the flow stress in ferromagnetic materials 



can como froiji the interaction between attractive junc 
tion and tlio domain wall. Consequently, when the 
domain wall <Ls eliminated the extra stress of inter- 
action is eliminated and the 'attractive junctions' 
would be overcome at a relatively smaller stress. 

This should bo seen in the lowering of yield stress 
as observed by the author. 

The following calculations will show that 
the internal stress due . to domain wall, 

= 0 * X s ( 4 . 12 ) 

is a significant fraction of CT7, the stress needed 
to break an attractive junction. The values, for 
b, 1, and are assumed as follows : 

b c-. 2.8 x 10~ 8 cm, 

1 ^ 0,2 x 1CT 3 - 2.0 x 10“ 3 cm 

X cxc 0.1 x 10"? - 1.0 x 10~ 5 . 

/ s 

Substitution of those values in Equations 4.11 and 


4.12 yields the values for 

ST., and <5^ as 

W J 


C5T or- 0,04 x 10 ^ G - 

Ll * 

0.4 x 10 G 

(4.13) 

and ( 5 ~' rrO.OI x 10* J+ G* - 
w 

_4 * 

0.1 x 10 G 

(4.14) 


respectively. 

Thus, it is seen that the resistance to dis- 
location motion due to the presence oi domain walls is 



expected to bo up to about 2 $ of the resistance due 
to the presenco oi attractive junctions. Thus if the 
domain walls are absent this source of internal stress 
may be eliminated and the yield stress should show a 
decrease . 

On the basis of these evidences it is con- 
cluded that the major effect of the application of 
an external magnetic field to a deforming body is to 
reduce the internal stress in the .body by an amount 
of cd 0,5 kg/mm . This is indeed a very small quan- 
tity compared to the yield strength of materials, 
nevertheless, it plays a significant role in pheno- 
menac which are sensitively dependent upon the changes 
in the internal stress. Several workers (91, 121 - 
123) have emphasized the significance of internal 
stress in plastic deformation particularly creep. It 
will be shows in the following sections how this small 
reduction in the internal stress caused by the appli- 
cation of an external magnetic field plays a signifi- 
cant role in changing the wear characteristics of 
sliding bodies . 



4.3 Enhancement of Dislocation Motility by 
an External Magnetic Field 

4.3.1 Effect of magnetic field on 
Static Diffusion 

Literature survey has revealed that the 
effect of an external magnetic field on diffusion 
coefficient D has not been investigated so far. The 
author therefore, investigated this aspect in the 
following manner. 

Figure 4 *9a shows the nature of the cons- 
triction which restricts the motion of an adjacent 
atom into a vacancy in a f.c.c. lattice. The atom 
movements required for an atom 1 to jump are shown 
in Figures a-c. Figure 4.9a and Figure 4.9c show 
the initial and final states while Figure 4 . 9 b shows 
the intermediate configuration referred to as- -the 
activated state. If crystals were free from defects 
other than vacancies the activation barrier as shown 
in Figure 4. 9d . would be the sole controlling factor 
for diffusion-by-vacancy mechanism. However, in the 
case of a demagnetised ferromagnetic crystal which is 
always divided into domains the contribution of ex- 
change energy to the activation energy has also to be 
considered. This is examined with the aid of Figure 
4.10. Figure 4.10a shows that an atom in order to go 
from position 1 in domain 1 to position 1 ’ in domain 2 













has to go through the intermediate configurations 
2, 3 ••• n, 1'. Figure 4,10b shows that atom 1 in 
domain 1 is just in a position to go through the 
constriction between atoms 2 - 2 in order to diffuse 
into vacancy 1 in the wall. Atom 1 has to undergo 
a variation in the direction of the magnetic moment 
while diffusing from position 1 in domain 1 to posi- 
tion 1' in domain 2. This is shown in the figure. 

At each stage of its diffusion atom 1 has to break 
the magnetic bond of one nature and get into a diffe- 
rent magnetic configuration due to the change in 
the spin direction. To do so an atom must possess 
enough energy to overcome the activation energy 
barrier as shown in Figure 4.9d, as well as to over- 
come the exchange energy effect. Thus, if in a ferro- 
magnetic crystal atom 1 (in domain 1) were imagined 
to diffuse to 1 " in its own domain the controlling 
barrier would be as shown in Figure 4.9d and 
Figure 4.10b would indicate that the direction of 
magnetic moment essentially remains constant during 
this diffusion process. In such a case the energy 
barrier, encountered by atom 1 to go to 1 1 , would be 
as shown in Figure 4.11a. However, when the atom 1 
has to traverse across a domain wall to position 1', 
the variation in the potential energy of the atom is 
as shown in Figure 4.11b. It is obvious that the atom 1 





overcome at every 


in order to reach position V has to 
stage an energy barrier, 

Qc^:Q D + E es: / (4.1 5) 

where E is the exchange energy. 

1 1 is bo be observed that the crossing of 
an atom from position 1 to position 1' occurs over 
large number of steps, given by the thickness of the 
domain wall. Therefore, the actual contribution of 
E ex to the activa ' tion energy of diffusion is only 
E ex / where are the number of steps involved 
in crossing the domain wall. Usually H, is of the 
order of several hundred. The contribution of the 
domain wall to the activation energy of diffusion 
may therefore, be taken to be ~ E /100. Thus, the 
activation energy for self diffusion in presence of 
magnetic field, Qg , is given by 

%I = Q - CV. 16) 

Now, it may bo considered that an external constant 
magnetic field of sufficient strength has been applied 
so as to reduce the multidomain configuration of a 
crystal to a single domain configuration. Thus, the 
magnetic moments of all atoms point in one direction 
i.e. in the direction of the field. In view of the 
discussion related to Figure 4.10 the activation energy 
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for diffusion in the magnetised state should be ob- 
viously loss by the order of magnitude of exchange 

energy per step of domain wall. This reduction may 

K 0 

be considered to be equal to ^ ~ ”qq per atom (110). 

Therefor, E ex / N a (4.17) 

where, K = loltzman constant 
© c = curie temperature. 

For an iron atom the value of / N d , is equal to, 

7 x 10~ 16 ergs/atom ( cr 10~ 2 kcal/gm - mole). 

Thus, Q h = Q - 0.01 ( Cal/ mole ) _ (4.18) 


If the activation energy of self -diffusion 
of iron is taken to be c=a 50 kcal/molo the application 
of an external magnetic field should result in a re- 
duction of the activation energy of diffusion by 
czz 0,02%, This is an extremely sma.il quantity and 
would not influence the self diffusion of a ferro- 
magnetic body to any observable degree. This can be 
easily seen as follows. 


The ratio of diffusivities in unstrained 
state with and without an external magnetic field, is 
given by 




e 


exp ( - Q h ) 

exp ( - Q ) 


0.01 -ssi 


1 


(4.19) 
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where, 

P° = Diffusivity in unstrained state, and in 

the absence of an external magnetic field. 

TJ 

= Diffusivity in unstrained state, but in 
the presence of an external magnetic 
field. 

Therefore, the application of an external magnetic 
field to a ferromagnetic body cannot affect the self- 
diffusion in the body to any measurable degree. 

To test this hypothesis the author conduc- 
ted a static diffusion test. The details of this 
test will be discussed in the next Chapter. 

These experiments did not yield any change 
in the diffusivity due to the application of the 
magnetic field. Therefore, on the basis of these 
experiments and the theoretical reasoning it is con- 
cluded that an external magnetic field has no influence 
on the diffusivity of a ferromagnetic body. 

4.3.2 Enhancement of Dislocation Velocity 
by an External Magnetic field. 

In section 3.1 it was shown that at suffi- 
ciently high stresses the velocity of dislocations 
is given by 


V ( < 5 -, 9 ) 


, V* CUT* 'i 

D exp ( g — q j 


(4.20 ) 



■where, , 3 --*, the effective stress is the difference 
■between the applied stress C5~ an a the internal 

a 

stress <5"T as already defined. 


Since the application of an external mag- 
netic field reduces the internal stress in the body 

* 

by a magnitude of G \ g , obviously the effective 
stress <=?-* is increased by the same magnitude. Also, 
there is no evidence that the application of a steady 
magnetic field influences the activation volume for a 
particular process . Accordingly, for the present 
analysis v* lias been considered to remain unaffected 
by the application of a magnetic field. In light of 
the analysis given in the proceeding section diffu- , 
sion coefficient I’ will also be .treated as constant 
in the following analysis. Therefore, if the velocity 
of dislocations in presence of magnetic' field is de- 


noted by it can be written as 




D exp 


v 

TTT 


(4.21 ) 


where, CT^ represents the effective stress in pre- 
sence of the magnetic field. 


Also, the dislocation velocity without mag- 
netic field may now be rewritten as 

V n mm I —) (4.22) 

V q = D exp ^ I 

wherc , ^ is the effective stress when magnetic 



field lo absent. -ine ratio of these velocities o.t 
a particular temperature 9 is therefore given "by, 


V, 


II 


exp ( v* <JjJ . / G K ) 
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or 


Of - ( <4 - s> V 

* * 

<^ + G >s 


( 4.23 


( 4 . 24 ) 


(4.25) 


Substituting this value of in the Equation 

4.23 and. treating all other quantities unaffected, 
the ratio of the two velocities is obtained to be, 


E 

v~ = GX P 


v 


* \ 

1; As 


Q K 


(4.26) 


The following sample calculation will show the order 
of magnitude of this' ratio. For this purpose the 
following values have been assumed 


v* 1.5 x 1CT 21 cm^ 

This value of the activation volume at room tempera- 
ture has been obtained by extrapolating the values 
provided by Watanabc and Karashima ( 89 ) for high tem- 
perature creep. This is shown in Figure 4,12. Also 
from earlier discussion it is clear that 



50 kg/ cm 2 . 
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Therefore, using K 1.4 x 10 " 23 Joules/deg, K 

ane. 9 c=t 300 °K (room temperature) 
magnitude of v* C,*X s ~ 75 z icf 21 kg cm 

- 735 x 10 ' 23 Joules, 




and, 


k e = 

4-20 x 

10“ 2 3 

Joules . 

So, 

v* 

* 

KO 


— 2 35 . 

~ 420 ' 

vL. 

= 1-75 


(4.27) 



( V* 

; G 

X.\ 




and, 

GXp ^ 

K 

* o I 

~W~ cn 

exp (1 

.75) = 

= 5.75 (4.28) 

Thus 

, at 

room t 

j f 

emperature, 





% 

V 

0 

^ 5. 

7? 




(4.29) 


The dislocation velocity at room temperature is there- 
fore found to increase by a factor of about 6 by the 
application of magnetic field. In other words, a 
decrease in the internal stress in a ferromagnetic 
material by a small amount ch 0.5 kg/mm. is likely to 
enhance the dislocation velocity by nearly 500$. This 
is a significant enhancement. Accordingly, physical 
phenomenac which depend upon the dislocation velocity 
should be influenced to a considerable extent by a 
magnetic field. Author establishes this by examining 

the creep strain rate of a ferromagnetic material like 

« * 

iron. Hie creep strain rate in absence of a mag- 

netic field is given by, 

£ = T b/ 

^"o o J m 


C^. 30) 



Again, in presence of the magnetic field strain rate 


I-I 


may he written as 


e 




'H “ U H ~ ^ *31) 

If it is assumed that the effect of an external mag- 
netic field is only to increa.se the dislocation ve- 
locity without affecting h and J'' y the ratio of the 

♦ * 

creep strain rates G g and G Q is given by, 


£ 


H 


V, 


H 


be 


y w (4.32a) 

% 

From equation 4-. 29 this ratio is seen to 
6, for iron. 


6 £ 0 (If. 32b) 

Thus, if an external magnetic field is app- 
lied to a ferromagnetic material, the enhancement of 
dislocation velocity should manifest itself in en- 
hancement of the creep strain rate to a considerable 
extent. This has indeed been confirmed by experiments 
of Kamnetskaya et. al. (124). These workers performed 
creep tests on iron samples at room temperature and 
found that the influence of magnetic field is to in- 
crease the creep strain rate considerably. Their 
results are shown in Figure 4.1 3. It can be seen 
from this figure that the application of magnetic 
field has increased the steady state creep strain rate 













from cs 1%/min in absence of the field to ffi/mln 
in presence of field. Tims, these experimental re- 
sults yield, 




(4-. 33) 


This result is in very good agreement with that pro- 
vided by Equation 4-. 3 2b and confirms that the major 
effect of an external magnetic field to a deforming 
body is to enhance the mobility of dislocations in 


the body. 


It can now be examined how the enhancement 
of the dislocation velocity can significantly affect 
the wear behaviour of a sliding pair. 




4- .4 Effect of Magnetic Field on 
Adhesion -Wear 

It was pointed out in section 3.2 that a 
dislocation harrier can act as a potential nucleus 
for the initiation of a crack. The harriers could he 
the grain boundaries, second phase particles or 'dis- 
location forests'. Therefore, both in poly crystalline 
as well as in single crystal materials dislocation accu- 
mulation can affect a crack. 

It was also discussed how dislocations get 
accumulated at the junction between the two grain size 
asperities of a sliding pair. The rate of accumulation 
of dislocations at the notch was shown to he approxi- 
mately obtainable in the form, 

*t + 

(3.30) 

where, V Q is the uniform dislocation velocity, when no 

magnetic field is applied. to the asperity junction. 

o 

Also, the superscript ’o' on J®. (t) denotes that the 

\ 

magnetic field is absent. Asperity junction of Figure 

2.4 may now bo considered with asperity I representing 

a ferromagnetic material and asperity II a non-magnetic 

material. Further, as shewn in the figure a magnetic 

field H is applied across the asperity junction, 
s 



V t 

1 + -^2 (2 ri + V 0 
n 



The condition for crack initiation at a 
point derived in section 2 was obtained to he 

n CT a ^ 0.7 G* (3.17) 

Thus for a given dislocation density at a 
point the stress has to reach a certain value to ini- 
tiate the crack. Conversely, ' if the dislocation 
density at a particular point increases the crack ini- 
tiation can occur at a lower stress. 

In a bimetallic junction crack does not 
initiate on both sides of the junction, simultaneously. 
In view of the preceeding discussion, for a given junc- 
tion, the probability of failure on a particular side 
of the junction should depend upon the dislocation 
density on that side of the junction. Now, when the 
asperity junction of Figure 2.4 starts deforming, the 
agglomeration of dislocations on the side of asperity I 
will be much faster than on the side of the asperity IX. 
This is because the magnetic field enhances the velocity 
of dislocations only on the side of the asperity I and 
has no such effect on the asperity II. Vftien both the 
asperities are ferromagnetic in nature, the one with a 
higher permeabilit3 r would represent asperity I, of 
Figure 2.4. The discussion on the crack initiation 
at the asperity junction could still proceed in 
the same manner as for the junction formed by a ferro- 
magnetic and a non-magnetic body . In both the cases, 


application of an external magnetic field leads to an 


increased dislocation density on the side of the as- 
perity I compared to that on the side of asperity II. 
Therefore, taking recourse to the earlier discussion, 
in section 3*3, the application of the magnetic field 
can lead to increased probability of failure of the 
junction on the side I and correspondingly to a de- 
creased probability of failure on the side of II 
provided tile .'..duration of the time considered is 
less than t? . Thus, during a given period of time, 
junctions should fail more often on the side of aspe- 
rity I than on the side of asperity II. This Ipads to 
an important conclusion that the application of an 
external magnetic field should increase the wear rate 
of body I and consequently reduce the wear rate of 
body II. To analyse it further, the gain factor G 
may be redefined as 


G 


W° - w- 


rli 


W 


o 


(4-. 34) 


where, 

W° = volume of wear in time T, when no 
magnetic field is applied, 
and = volume of wear in time T in presence 

of magnetic field. 

,0n the basis of the preceeding observations the gain 
factor G should turn out to bo a negative quantity for 




the ferromagnetic body, I. On the same reasoning G 
should turn out to be' a positive quantity for the non- 
magnetic body, II. In brief, body I should show a 
negative gain, while body II a positive' gain \^hen they 
are sliding in presence of the magnetic field. The 
magnitude of this positive or negative gain should ob- 
viously depend upon the relative enhancement of the 
dislocation density caused by the application of the 
magnetic field. An expression for such enhancement 
may now be obtained. 


The density of dislocations on the side of 
body I (ferromagnetic body) with and without magnetic 
field is expressed as, 

: jj } 1 1 H ' ' 17 ’ 1 


H 


n 


(t) 


"o \ 




VtT t 

+ -g (2 ri + ? H t + 


ri 




) 


(*f.35) 


and, 

) 

Of .36) 

TT , O 

In these equations, J^ ± (t) and (t) denote the 

dislocation densities on the side of I in presence 
and absence of 'an external magnetic field, respectively. 
Both these equations are, however, valid only for their 
respective time limits t H . and t°. , respectively. The 
graphical .representation of equations *+.35 *+*36 is 


l (t > = £ ) 1 + yy < 2 rl + V + 




T9 


° h own in Figure 4.l4a, In "this figure curves 0—1 
and. 0 - 3 represent equations 4 . 35 and 4.36 respec- 
tively. The enhanceiiient ol dislocation density during 
any time t < t? is given by, 

a) = J vi (t) - °f ri (t> ft. 37) 

where, both ^ (t) and (t) attain the same, 

P 

limiting value of tut at different times t F t 

o ^ 

and t? respectively. Figure 4.14b shows how this 

enlianccmont in dislocation density _/^ (t) varies 
as a function of time. This enhancement of disloca- 
tion agglomeration at the notch, on the side of the 

ferromagnetic tody I increases up to time ti 1 . There - 

0 

after, it decreases continuously reaching a value of 

zero at t? . Therefore, if the sliding velocity of 
J 

a pair is such that the junction life falls in the 
range of 0 - t? , then the enhancement of the disloca- 

J 

tion density will te given by a corresponding point 
on the rirofile 0 — 1 1 • — 3 * • For instance, if the 

y A 

junction time is tj , the corresponding enhancement in 
dislocation density is Sf as shown ty point 1*' 
on the line 0 - V in Figure 4.14b. For a given aspe- 
rity size the junction life t . is inversely propor- 

J 

tional to the sliding velocity V . Consequently, the 
nature of variation of the enhancement of dislocation 
density (t) as a function of sliding velocity, 

can,- te easily obtained using the Figure 4.14b and 














is shown in Figure 4. 14c. The consequences of the 
enhancement of dislocation density may now "be further 
analyzed. 


If 




curve, the point of maxima 1* in Figure b gets shifted 
towards the higher junction life . Also, the magnitude 
of the enhancement £T is also reduced. This is 
shown in Figure b, where the point of maxima is now 
shown as point 2». Shifting of thecurve to a 

position closer to implies that a magnetic field 

of lower strength be employed. This is because a lower 
magnetic field would enhance the dislocation velocity 
to smaller extent. This would result in shifting the 
curve 0-1* in Figure 4-. 14a, to a position like 0" - 2' 
in the same figure. Also, for the same junction time 
t^" 1 , "be Given by point 1 1 1 * on the line 

0 - 2‘ . The value of the enhancement of dislocation 

xl 

density at 1 ’ 1 * is obviously lower than C f ’• Con- 
sequently, the enhancement of dislocation accumulation 
at the notch due to the applibation of the magnetic 
field is related to both the sliding velocity and the 
field strength. This, can be seen in Figure 4-.14-C. 

It was explained in section 3.3 how a notch acts as 
a focal point for the agglomeration of dislocations. 
And, the intense agglomeration of dislocations at the 
notch increases the probability of crack initiation at 



the notch. Therefore, with reference to the discu- 


ssions in tho proceeding paragraphs it is realised 
that tho enhancement in the dislocation density. 


sr£ 


in tho ferromagnetic body I is also a measure 


of the enhancement of wear S' Vi (= VJ° - vf 1 ) of the 

same body. Consequently, the variation of gain factor 

G ( = — ~ ) with the sliding snood V is of the 
W° ■■ 3 

same form as the variation of ’fcT J ^ with V Q . It is 

difficult to bring out a numerical equivalence between 

P. and G. In this work therefore only qualita- 

( — O 

tive relationship between gj and G is attempted. 
On the basis of the discussions in the proceeding 
paragraphs, it is therefore adequate to consider that 
the nature of variation of G with V is similar 
to that of srf ± with V 0 . This is shown in Figure 
4.l4b and 4.14c. 


To have an idea about the enhancement of 
dislocation density, & equations 4.35, *+*36 and 
4.37 have been evaluated. A sample sot of calcula- 
tions is shown in Tabic 4.1. In evaluating these 
equations the following values for the various para- 
meters have been assumed. 


V = 1CH Cm/sec 
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V TT = 2- V 


a = 10"”3 Cm. 

P = 10 8 Cm -2 

°P. = 10 11 Cm' 2 
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The numerical values given in Table V.1 have also 
been indicated, in I iguro if-. 14, It can be observed 
that the calculations havo boon clone over a speed 
range of 10 - 600 m/min. The range of speeds em- 
ployed in actual wear experiments was 10 — I50m/min» 

From the calculated values of S'-^i, it can 
be seen that for speeds <10 n/min and > 600 m/min, 
?T is negligible . Actually P ± should start 

falling to zero much earlier because of the rise in 
temperature as the speed increases. This can be 
examined as follows. 

As temperature increases the magnetostric- 
tion coefficient ,X S decreases, reaching a value of 
zero at the curie temperature, 0 . Consequently, the 
magnitude of the magnetos trictive stress is also 
considerably reduced at these high temperatures. The 
variation of magnet os trictive stress with temperature 
may be taken to be, in general, of the same form as 
the variation of magnetisation with temperature. 

This is shown in Figure 4,15. From the figure it is 
seen that at a temperature of 0.9 © , the magnetisa- 
tion has half the value of its value at room tempe- 
rature . If as a first approximation the magnetos t- 
rictive stress is also considered to be reduced to 
nearly half of its value at room temperature, the 

v F 

velocity ration r~- (calculated in Equation if-. 27) 



can Toe re-calculated as 


V. 


H 


V 


exp ( 


o 


G" X s /2 

K 0.9 9 




For iron the room temperature value of C- is 


2^ 0.5 kg/mn^ and 9 = 1043 °k, 


s 

With those va- 


lues introduced in the above equation, the ratio 
V II 

^ — is calculated to be 

o 


= exp (0.25) 
o 

= 1 .28 


Therefore, at temperature © = 0.9 Q q («: 893 °C) 
which is nearly the recrystallization temperature 
of iron, the dislocation velocity is enhanced by 
only about 28 %. This is considerably smaller as 
compared to the enhancement in velocity at room 
temperature . 


If at higher speeds, therefore, the 
velocity of dislocations is considered to be en- 
hanced by oriLy such a smaller amounts, the enhance- 
ment in dislocation density at the asperity junction 
would bo reduced considerably.' If, for instance, at 
speeds ^ 150 m/min V H is considered to be equal to 
1.28 ¥ the factor $> £ / f ls considerably re- 
dueed as can be seen from the last column of Table 
4.1. It was already discussed that S r p / ri 



is a measure of the gain factor G, Thus, the gain 
factor G should also show a considerably faster 
reduction at high speeds, than that indicated by 
values given in column 6a of Table 4.1 . While it 
would be helpful to have enact calculations for 
■5”’ri high temperature, such calculations cannot 
serve any purpose, without the exact knowledge of 
dislocation velocities. 

It is concluded therefore that the enhance- 
ment in dislocation density, , is realisable only 

when the times considered are in the range of 10*" 

10"*^ sec. Out side this range of times, S” is 
negligible and so the magnetic field will not be seen 
to have any effect on the fracture and wear characte- 
ristics. This point will be further brought to focus 
in Chapter 5 when the experimental observations on the 
fracture of large samples will be discussed. For the 
present it is adequate to postulate that, in general, 
the influence of magnetic field is to enhance the we ar 
rate of the ferromagnetic body I, and decrease that of 
the non magnetic body, II. 

It is to be observed that as the dislocation 
density at the notch increases the velocity of dislo- 
cations coming towards the notch would get reduced 
more and more. This is due to the increasing repul- 
sive force exerted on the incoming dislocation by the 



dislocations agglomerated on the notch. Due to this 

the rate of build up of dislocations at the notch 

would get reduced as can be easily seen from Equations 

4.35 a nd 4-. 36 . Consequently, the build up is no longer 

given by such sharply rising curves as 0 - 1 or 0 - 3 

of Figure 4-.l4-a, Bather, the dislocation density 

p 

would attain the value m in an asymptotic manner. 

For instance, the curve 0-3 would, be then obtained 

as 0 - 3a and the curve 0 •. 1 as 0 la, As a result 

the Sf versus V curve will not exhibit a sharp 
ri s 

maxima. On the other ha/nd, it will show a smooth 
changeover from an increasing trend to a decreasing 
trend, 'Hie relation between the gain factor G 
and the sliding velocity V also would be then more 
appropriately given by Figure 4.14-d. It will be seen 
in Chapter 5 that the experimental results are also 
exhibiting the 'trend indicated by Figure 4-.l4-d. 



4.5 Effect of Magnetic Field on 
Diffusion Wear 


It was pointed out in section 2.4 that several 
workers have established that considerable diffusion 
occurs, during plastic deformation. It has also been 
shown by Hirano et*al.(6l) that the diffusivity in the 
strained condition D g is. related to that in the un- 
strained condition D , in the following manner : 


D 

( 

^ Ti 


- 1 ) = 


= B £ 


(4.38a) 


where , 


steady-state atomic fraction of excess 
vacancies introduced by the deformation 
process , 

atomic fraction of vacancies at thermal 
equilibrium. 


and B 


strain rate 

constant, which depends only on tempera- 
ture. 


In the case of c< - iron Hirano et. al, have also 

found that over a wide range of temperatures and strain 

D 

rates, the value of ( fr — 1) varies from above 100 to 2500 , 

u 

Above, equation may therefore be written in simpler 
form as follows : 


(4.384) 


os 



It is therefore, .well established that plastic defor- 
mation enhances the diffusivity of the material . The 
author proposes that the application of an external 
magnetic field to sliding asperity junction should 
further enhance the diffusivity at the junction. This 
is substantiated in the following manner. 

As the dislocations intersect one another a 
jog is produced on them. If the jog is dragged along 
with the dislocation it can produce a vacancy in each 
successive step. The number of such defects produced 
during a given period of time will depend upon the num- 
ber of dislocations involved in the intersection process. 
In other words, the number of excess vacancies n x , 
introduced by the deformation process can ee related to 
the density of dislocations at a particular point in 
the deforming body. Turkovich and Calvo ( 125 ) have shown 
mathematically that in the metal cutting process , the 
number of excess point defects produced in the shear 
zone is proportional to the number of dislocations being 
produced in the process . This argument can now be ex- 
tended to an asperity junction. At the asperity junc- 
tion the dislocations are continuously being attracted 
towards the notch. This should lead to increased dis- 
location intersections near the notch. As a result,, 
the number of excess vacancies generated would be larger 
compared to the case when there would be no such prefe- 
rential agglomeration. 



It has already been shown that the applica- 
tion of an external magnetic field enhances the dis- 
location mobility near the asperity junction. This 
leads to the enhanced agglomeration of dislocations 
at the notch formed at the junction of two asperities. 
Obviously therefore, the application of magnetic field 
will enhance the generation of point defects at the 
notch . 



If as a first approximation the number of 
excess vacancies produce, n , is considered to be 

•A. 

linearly dependent on the dislocation density, the 
-following equations 


and 


n. 


x 


H 


n.. 


= k. 


o 

f J . 

n 

H 

P 

rri 


C^39a) 
(.4- .39b) 


can be immediately written. 

In these equations, the superscript H denotes 
that magnetic field ‘has been applied, while the super- 
script * 0 * denotes that no such field lias been applied. 
Substitution of 4-. 39a and ^-.39h in the Equation >+.38 
yields , 
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■^1 

(4 .40a) 
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and 



where, 

D s » D s denote the diffusivity in the strained 
condition in the presence and absence 
of magnetic field, respectively, 

and denote the diffusivity in the unstrained 

condition in the presence and absence of 
magnetic field, respectively. 

As already mentioned experiments conducted by the 
author have conclusively shown that 




H 


u 


= D 


u 


(if .VI) 


Therefore, combining Equations 4.40'and A .4-1, 





(4.42) 


Equation 4.42 is an important relation as it shows that 
thediffusivity in the vicinity of the asperity junctions 
would always increase in proportion to the increase in 
the dislocation density. Thus, the application of magi- 
netic field to a sliding asperity junction of Figure 
2.4 would increase the self diffusivity on the side of 
the ferromagnetic body, I. Consequently, the diffusivity 
of the ferromagnetic element of b^y I into body II 
would also get enhanced. 

With reference to Figure 2.10, the author 
has already shown in section 2.4,2 how in a sliding 



It is to tee mentioned that in the present discussion, 
teody I is considered to tee ferromagnetic and of greater 
hardness than teody II. In such a case the hardness 

gradient in body II would teo negative. This would 

* 

lead to larger and larger material removed- from body 
II as diffusion process would tee enhanced. This is 
shown as follows . 


After introducing Equation V ,42 into Equa- 
tion 4 A 5, it can readily tee scon that 

1/6 

= ( > D (^M) 

Equation 4.46 shows that the diffusion wear of teody 
II is also related to the dislocation density and thus 
the fracture probability on the side of teody I. 



How, from Equations 4*35 and 4.36 and .the 

H / o 

Figure 4* 14a s it is clear that the ratio . F/ 
nearly unity for very low and also very high values of 


is 


the time t.. For intermediate values of t^ this ratio 
changes in the manner already shown in the figure 4.1tjte 
and is always greater than 1 . Thus , the ratio of di- 
ffusive ties D 1 ' 1 / will also follow a similar profile, 
s s 

The following example shows what contribution tlie 
enhancement of E° to Df , will mate in the net wear , 
of tody II and to the gain factor G^-, of body II. 

(Xn the present en&lysis the gain lector of hody I will 
tee denoted by G^, and that of teody II by Gj-j) . 



For a typical asperity junction width 'a 1 ci 15 x lO^cm 
and sliding speed of 100 m/min, the junction life is 
10 sec. If the dislocation velocity in presen- 

,5 


ce of magnetic field is assumed to he 


10 - 


(m/sec) 


then during the junction life t, 1 o‘ sec, the dis- 

J 


location density at the notch would get enhanced from 

its initial value of 10^ chi’" 2 to the limiting value 
1 2 «*2 

of czE- 10 cm This can he calculated from Equation 


V H 

IT > 


4,35, If the value of the dislocation velocity in the 
absence of magnetic field is assumed to he 
then during the same time t, ^ 10 J secs, the dis- 

J 

location density at the notch, , would reach a 

value of only CEL 0*7 x lO 1 ” 1 cm 2 , 


This value is calcu- 
lated from Equation 4.36. Therefore, for this example 

%' 

the maximum value of the ratio J ri wilich occurS a t 


tj ~10 


y sec is given by 


y. 
J T± 


ri 

y 

'tri 


10 


12 


.7 x 10 


11 


15 


From Equation 4,42 it is clear that the ratio 


D 


E 


is also 


D 


15 


Thus , the diffusivity in the magnetised case is about 
15 times that in the unmagnetised case. Referring hack 
to Equation 4.45 and Figure 2.10 the wear of body II 
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should increase in the ratio, 

~r - (U) 1/6 ==: 1.57 = (3 ( > 1) 

“H 

Thus, at the sliding speed considered the wear rate 
of body II would be increased by 57% due to the 
application of the magnetic field. It can now be shown 
that the gain factor on the side of body II, G-q, is 
related to the gain factor G I? on the side of body I, 
For this purpose the following quantities are defined. 


m I’ m II = mass removed in one asperity interaction 

from body I, and II, respectively, when no 
magnetic field is applied, 

II H 

m I > m II = 1532138 removed in one asperity interaction 

from body I and II, respectively, when 
magnetic field is applied, 

and nj, n^ ~ number of fractures during a given 

time occuring on the side of body I, when 
no magnetic field is applied and when mag- 
netic field .is applied, respectively. 

From the definition of gain facbor it follows imme- 


diately, that 


r II 


oo II H 
m TT n T.I ~ m II n II 
0 o 
m II n II 


H 

H 

%I 

-\± yr 


o 

O 

mn 

n n 



Vj 


H 

m TT 

using the value, for — ~ } from Equation 4.46, 


m 


II 


T II 


-?> 


n. 


x 


H 

II 


n- 


o 

II 


(4.47) 


Also, since magnetic field has no effect on the size of 
the wear particle removed from body l 5 




H 


m 1 


(4.48) 


Consequently, the gain factor for body I can be written 
as 


or 


G-r 


o H 

n I " n I 

n? 


(1 - nJ-j.) - (1 - njj- ) 


n-, 


H 


( njj - n xi ) 


n 


G t = 


111 


H 

II 


n 


- 1 


o 

II 


n; 


n 


o 


(4.49) 


A II / I 

Combining Equations 4.47 and 4.49 it is easily seen that 


G. 


II 


1 - 


0 G t n$ 

P ( + •, > 

n II 

O' Gj Uj 

i‘ ( i + 1 ) 


1 - n- 


o 


(4.50 



Since G^ 
G II 


is 


actually a ne 


G-, 


£ 


n. 



gative quantity 

) - c F - 1 ) 


where, G-j- now represents only modulus of Gj. Since, 
body I is considered to be harder than body II, the factor 
n j / (1 “ n z )(= X ) is most often likely to be less than 
unity. The above equation may therefore be written as 

G II = GjA ) (4.51 ) 


Equation 4.51 shows that the gain of non-magnetic body, 
II is a function of 


i) the gain of ferromagnetic body v I. 


ii) the enhancement in the diffusivity of body I, 


and iii) 


n 


A = 


(1 - Up) 


, which may be defined as 


the* mechanical interaction factor* of the sli- 
ding pair. This factor will always be less 
than one, when bod 7 /- I is harder than body II. 


It is clear therefore, that the sign as well as the mag- 
nitude of Gj f depends upon the magnitude of the quantity 
(3(1- G t A ). Since, both Gj and A are less than ■ 
unity and \ ^ 0* the quantity \ J (1 - GjA ) is always 
positive. Therefore, G^ will positive, zero or 
negative depending upon whether 




f 5 (i - a z y, ) C i 
= 1 
or > 1 

Therefore, the nature of variation of G^j will he con- 
trolled by the nature of variation of Gj. This aspect 
can he further discussed in Chapter 5? when the experi- 
mental results are presented. For the present, it is 
therefore adequate to observe that the enhanced diffu- 
sivity of body I would cause a characteristic change in 
the wear behaviour of the sliding pair, and can cause 
the gain of body II, G XI , to attain negative values 


also 



CHAPTER V 


EXPERIMENTAL RESULTS AND DISCUSSIONS 
5.1 Introduction 

In-order to establish the most prominent 
mechanism through which magnetic field affects the 
wear of sliding surfaces, it was found necessary to 
conduct appropriate tests. These tests can be grouped 
in five broad categories as follows : 

Category k : Material Property Tests 

Under this category the following two expe- 
riments were performed : 

(i) Tensile strength test. 

(ii) Impact strength test. 

Category 33 : Cutting force test. 

Category C : Static diffusion test. 

Category D « Stress— relaxation test. 

Category B : Wear tests. 

Under this category four kinds of experi- 
ments were performed. These arCj as follows 

(i) Machining of non-magnetic job by ferro- 
magnetic cutting tools . 

(ii) Rubbing of non-magnetic job by ferro- 
magnetic tools. 



(iii) Rubbing of ferro-magnetic spec im ens against 
. non-magnetic body, 

(iv) Rubbing of non-magnetic specimens agsint 
ferro-magnetic body. 

(v) Rubbing tests with different magnetic field 
strengths . 

Details of these tests conducted are given 

below. 

5.2 Details of Experiments 

5.2.1 Effect of Magnetic Field on Tensile Strength 

Test specimens of mild steel of standard di- 
mensions were prepared according to ISI specifications . 
These samples were tested on Instron Testing Machine 
(Model TCTML)* Following are the conditions under 
which thip test was conducted. 

(i) Diameter of the specimen at 



the test section 

= 6.0 + .01 mm 

(ii) 

Temperature 

= room temp. 

(iii) 

Cross head speed of the 



Instron Machine 

= 0,5 cm/min. 

(iv) 

Chart speed used 

= 1 .0 cm/min. 

(v) 

Magnetic field strength 

= 125 Oe. 


The magnetic field was applied to the test 
specimen by means of a solenoid surrounding the speci- 
men. The magnetic field was thereby acting along the 



axis of the specimen. A schematic diagram of the set 
up is shown in Figure 5*1. A typical load elongation 
curve with and without the presence of magnetic field 
is shown in Figure 5*2. From this figure it is to he 
observed that the curve for the magnetised case is 
lower than that for the unmagnetised case. The yield 
strength and the ultimate strength both have reduced. 

o 

This reduction is about 0,8 kg/mm , and only about 
2.7% of the yield strength of the material. Obviously 
this , change is too small to be considered as a signi- 
ficant change in the bulk property of the material. 

From these observations it was inferred that 
the magnetic field is probably influencing only the 
microscopic properties rather than the macroscopic 
ones, of ma' te rials. 

5.2.2 Effect of Magnetic Field On The 
■ Impact Strength of Materials 

To investigate whether the energy required 
to cause a body to fracture would be affected in 
presence of an external magnetic j.icld an impact 
strength test was conducted. It was found convenient 
to carry out the Izod impact test, for, in this case 
the solenoid which was used to magnetise the specimen 
could be placed in a manner that the striking hammer 
would not damage it. k schematic diagram for the set 
up is shown in Figure 5.3- Iho test was conducted on 
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Tinus - 

Olsen Impact Testing Machine. 

The test 

conditions were as follows : 


(i) 

Material tested = 

Mid Steel 

(ii) 

Diameter of the specimen = 

V— 

O 

♦ 

o 

-H 

o 

T~* 

(iii) 

Depth of the notch = 

2 mm 

(iv) 

Angle of the notch = 

^5° 

(v) 

Magnetic field strength = 

125 Oe 

(vi) 

Temperature = 

Room Temp. 


Twenty identical specimens were tested for 


impact strength. Ten specimens were tested in the 
magnetised state and other ten specimens in the un- 
magnetised state. The magnitudes of the energy 
ats orbed in fracturing the specimens in the two 
cases are given in Table 5*1 

It can he seen from the tabulated readings 
that the difference in the energy absorbed in the two 
cases is within errors of observation, both in regard 
to the individual readings as well as in their average 
values . 

The fractured surfaces were also examined 
under microscope (x 200) for any characteristic 
effect on the type of fracture by the magnetic field. 
No obvious difference was discovered between the two 
cases. The macroscopic behaviour of materials there- 
fore seemed to remain unaffected by an external magne- 
tic field. 



TABLE 5.1 


1 


-f- 



IMPACT STRENGTH OF MILD STEEL SPECIMEN 

Test : Izod Test Magnetic Field Strength = 125 Oe 

Material Tested : Mild Steel 


Specimen j Energy Absorbed 

Number 0 Without field (cm kg) 5 With field (cm kg) 

L-xJZn*6 a & 


1 

74 

- 

2 

- 

73 

3 

71 

- 

4 

- 

69 

5 

69 

- 

6 

- 

73 

7 

70 

- 

8 

+* 

74 

9 

73 


10 

- 

69 

11 

7*+ 

- 

12 


73 

13 

72 

- 

14 

- 

73 

15 

70 

- 

16 

- 

72 

17 

68 

- 

18 

- 

70 

19 

70 1 


20 

. 1 

71 

Average 

71.1 

71.9 


This result signifies that the hulk fracture 
strength of ferromagnetic materials is not observed 
to be affected by the application of an external mag- 
netic field. This is, however, so because the obser- 
vation itself is made over a considerable period of time. 
The time required for the fracture of an impact test 
specimen is substantial compared to that involved in 
the fracture of an asperity junction. For, if the ve ~ 
locity at which the impact test specimen is sheared is 
overestimated to be cs£. 10^ cm/sec (shear wave velocity) 
it takes 1§'* 1+ sec to shear a 10 mm x 10 mm test 
specimen. Even this gross underestimate of the time 
is considerably larger than the usual asperity junc- 
tion life, during which the effect of magnetic field 
on wear is obsofvable. During such large times the 
dislocation density near the notch of an impact test 
specimen will always reach during the testing 

time, both in the magnetised case as well as in the 
unmagnetised case. 

It is therefore, worth pointing out that if 
specimens of the order of asperity size could he 
tested for impact strength the effect of magnetic 
field could ho observable. Perhaps, the fracture stren- 
gth would be observed to be reduced. For the present, 
however, it is concluded that the application of an 
external magnetic field has no effect on the fracture 
strength of materials. 



5. -2. 3 Effect of Magnetic Field 
On the Machining Force 


To investigate whether magnetic field 
affects the gross plastic deformation at high strain 
rates it was considered to perform some appropriate 
tests. Accordingly, metal cutting tests were per- 
formed in which the components of the cutting force 
were recorded on a recorder. The general arrangement 
of the set up is shown in Figure 5 The test con- 
ditions are indicated "below. 


(i) Jot material 

(ii) Tool material 


Mild Steel 
Ef.S.S. 


(iii) Magnetic field strength 

(applied to tool only) 125 Oc (d.c.) 

(iv) Cutting speeds used 4-0 m/min, 

100 m/min. 

(v) Feed rate .05 mm/ rev. 

(vi) Cutting conditions. ; dry 

(vii) Tool geometry ( 12-8-1 0-1 0-1 5-10-1 .5) 

■ .A three component Lobow Dynamometer was used 
for sensing.- the pqmponepts .of the -cutting fore.e The 
..signal from .thq dynamometer was recorded, op.-a Sanborn 
Rccerdop. A typical, trace --obtained in such a. -tes.f is 
shown- in -Figure. It: ,1s seen from the trace that 

the application of the magnetic field does not have 
any effect on the. force components. 







It is to be observed that the components' 

of the cutting force , are dependent on, -'H- } w and/>( 

' o ' ® o 

where,' 

ri ! 0 = Angle of friction 

^ s = Shear piano angle 

Rake angle. 

Since none of the components of the forces showed any 
change on the application of the field it is conclu- 
ded that 'Y\ and Cp are not influenced to any obser- 
o s 

vable extent. 

Since changes in cutting forces occur as a 

result of change in the strength of the job. or changes 

in O'/ 5 ip and exf , it is concluded from this test 
t o J s o 

that neither the strength nor the mechanism of cutting 

has been influenced by the magnetic field. The change 

in / Y] and fy would also be affected as a. result- of 
o 7 s 

change in material property only. Therefore, this 
series of tests confirmed that the magnetic field has 
no influence on the macroscopic properties of the 
materials, during plastic deformation at high strain 
rates . 

5.2.4 Effect of Magnetic field on 
Static Diffusion 

In order to investigate whether the applica- 
tion of a steady magnetic field has any influence on 
the diffusivity of a ferromagnetic material a static 



diffusion 

test was conducted. The 

details of the test 

conducted 

are as follows : 


(i) 

Materials of the 

Commercial Copper 


dif f us ion coupl e 

and mild steel. 

(ii) 

Temperature 

650 °c ± 5 ®c 

(iii) 

Duration of Diffusion 

4-8 hrs and 72 hrs . 

(iv) 

Strength of the magne- 

200 Oe. 


tic field used. 



Figure 5»6a shows the experimental set up used for the 
purpose. The vertical sliding furnace of the Riehle 
Creep machine was found to he the most convenient for 
the purpose. Two identical diffusion couples were 
placed side by side in the furnace which could he ope- 
ned on both the sides. One of the diffusion couples 
formed a link in the magnetic circuit while the other 
one was kept beside it within the furnace* This en- 
sured that both the diffusion couples were maintained 
at exactly same temperature, while only one of them 
was subjected to the influence of the magnetic field. 
The diffusion couples consisted of a tapered copper 
pin press fitted into an identical tapered hole in a 
short steel cylinder. Press fitting was done between 
two flats of a compression testing machine. A typical 
specimen under preparation is shown in Figure 5.6b, 



q! Sel 
ecimer 



After diffusion anneal for specified t im e 
(48 hrs . in ono tost and 72 hrs . in another), the faces 
of the samples were ground on a surface grinder and 
polished on a vibrator, to yield mirror finish. Micro- 
indentations wore made at several locations on both 
sides of the copper-stool interface. These indenta- 
tions were made under specified conditions on a PMT— 3 
(USSR) Microhardness tester fitted with a diamond 
pyramid 60° - indentor. The typical variation of the 
size of those indentations across the interface is 
shown in Figure 7.7. The size of these indentation 
markings is a measure of the hardness variation across 
the interface and also that of the transfer of material 
across the interface. Transfer of iron from the steel 
side into the copper side would increase the hardness 
on the copper side of the interface. The size of the 
indentations on the copper side would correspondingly 
be smaller. As seen from Figures 5«7a and 7«7b, the 
size variation of indentations is almost identical in 

both the magnetised and the nonmagnetisod samples. 

* 

Tests at various temperatures and for different timings 
showed repeatedly that there was no measurable diffe- 
rence in size variation of indentations in the two 
cases. The actual hardness values are directly related 
to the length of the diagonal of the indentations. 
Values of the diagonals of these indentations in a 
typical test are given in Table 7«2. It can be seen 



(a) 


(b) 


Fig.5'7 Indentation Across Copper-steel Interface, In The 

(a) Absence Of Magnetic Field. 

(b) Presence Of Magnetic Field. 
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from these values, that there is no perceptible 
difference, in hardness of copper in the tvro cases. 

Chemical analysis of a thin surface layer 
of the copper pin was done in order to test whether 
iron has at all diffused from steel side into copper. 
The iron estimation in copper was done according to 
IS : 440 - 1964. In both the magnetised and the 
unmagnetised cases, the percentage of iron in copper 
was found to he about 2 %, This estimation cannot be 
considered to be absolutely reliable, since only 0.2 
grams of the sample were available for che m ical ana- 
lysis. According to IS : 440 : 1964 a minimum of 
2 grams of the sample have to be used for this test. 

In any case, the test clearly showed that there was 
no perceptible difference in the percentage of iron 
in the two cases, even though there was perceptible 
quantity of iron in copper in both the cases. 

These static diffusion tests and the iron 
analysis, led the author to draw the conclusion that 
magnetic field has no significant effect on static 
diffusion. Since, at a particular temperature, diffu- 
sion rate is strongly dependent upon the activation 
energy for diffusion, magnetic field has obviously no 
obs e rvableinf lue nee on the activation energy for 
diffusion. This is an important result as it suggests 
that there is no fundamental change in the energy of 



formation or movement of a vacancy. It was shown in 
section 4-. 3 that the application of an external mag- 
netic field cannot affect the activation energy for 
diffusion to any measurable extent. Correspondingly 
the results of the static diffusion test presented 
here are in conformity with the theoretical pos tula- 
test of that section. Thus it is confirmed that in 
unstrained conditions an external magnetic field has 
no influence on the diffusivit3^ of a ferromagnetic 
material. But, as discussed in section 4-.5 } in a 
defor min g ferromagnetic body the magnetic field can 
enhance the diffusivity under some conditions. 

5 . 2.5 Effects of Magnetic Field on 
Internal Stress 

This test ms conducted to find out to what 
extent an external magnetic field reduces the internal 
stress of a ferromagnetic material. For this purpose 
several identical test specimens of mild steel were 
prepared according to IS : 1608 - 1972. Few of them 
were tested for stress relaxation under magnetic field 
and few without any magnetic field. 

The stress relaxation tests were conducted 
on an Instron testing machine (Model No. TCTML) . The 
test samples were mounted .between the grips of the 
machine and were subjected to the usual tensile test. 
When the load reached a value close to the ultimate 



level, the cross head motion was stopped and specimen 
was allowed to- relax. After a sufficiently long time 
the stress is expected to reach the value of the in- 
ternal stress. However, since in the present test 
the objective was only to find out the change caused 
1 ) 3 ^ the influence of the magnetic field it was consi- 
dered unnecessary to carry on the test for a long 
period. Accordingly", this test was terminated after 
about twenty minutes . 

The results of this test are shown in Figure 
5*8. As can be seen from these test results, there is 
a reduction. in the internal stress of the mild steel 
specimen when tested in presence of magnetic field. 

The magnitude of this reduction is approximately 0.6 
kg/raia^. This value agrees quite well with the the ore r 
tical value of )\. G, the magnetos trictive. stress oppo^r 
sing the motion of dislocations through the domain 
wall. This test clearly demonstrated that the pro- 
minent effect of an external magnetic j.ield to deform- 
ing bod 3 ' r is to reduce the internal stress by a small 
amount of 0,5 kg/mm . Correspondingly, the bulk 
strength of the material also decreases roughly by the 
same magnitude as discussed in section 4.2. 







5*2.6 Wear Experiments 

General features common to all the wear tests 
presented in this work, are indicated "below : 

All the wear tests were performend on a 
HMT Lathe (Model - LB 25 ) • machine. 

All rubbing tests 'were performed in dry 
condition and against a fresh surface of a cylinder 
mounted on the lathe. Figures 5«& and 5*9 show the 
general experimental set up used in the rubbing tests. 
Whenever, the job or the tool was to bo magnetised a 
suitable solenoid designed for the purpose was ener- 
gized. The solenoid was "put in series with a d-c 
power supply which was adjusted so that a specified 
current passed through the solenoid coil. All the 
wear tests were conducted within the speed limits of 
about '10 m/min to 200 m/min. Also, for all the tests 
only one feed rate of 0.05 mm/rev., was employed. 

Care was taken that roughly same magnitude of wear 
occurred at various speeds. This is important for 
keeping the results within same order of errors at 
various speeds . If rubbing time is keptsame at 
different speeds it results in different volumes of 
metal removal. This would naturally introduce diffe- 
rent percentage errors at different speeds. To ensure 
uniform order of errors, the rubbing times were so 
adjusted that the linear dimensions of the worn regions 
were of nearly same magnitude. 
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Measurements of wear was done with the help 
of a travelling microscope, optical projector and 
microbalance depending upon the particular case . 

When rubbing experiments were performed the 
load was applied by means of a spring balance as shown 
in Figure 5 * 9 * The insertion and the removal of the 
tool or pin was done in a manner so that the spring 
balanced was not disturbed. This ensured that for a 
particular set of experiments the load once adjusted 
was maintained unchanged. Also the overhang of the 
tool or the holder for pins was always kept the same. 

All the readings were repeated five times 
and the average value of wear was d„e rived from these 
readings. This was done both for the magnetised as 
well as for the unmagnetised cases. 

The details about the individual tests are 
presented in the following sections. 

5.2.7 Machining of Non- Magnetic lob 
Ey Ferromagnetic Tools 

i 

In this series of tests an aluminium bar 
was machined at various speeds with the help of mild 
steel (0.25$C) tools. A large number of identical 
tools of mild steel (0.2 5^0 were prepared. Blanks 
for these tools, were cut from the same plaoe taking 
care that all the tools had their longitudinal axes in 



the direction of the grain of the plate. This was 
done bo ensure that all the tools had fairly identical 
distribution of crystallographic directions. Since 
uhe magnetostriction coefficient is different in 
difierent directions ? an identical distribution of 
grain directions would possibljr ensure identical mag- 
netisation effects in all the tests. All these tools 
were ground to the geometry 0 - 10 - 15 - 10 - 15-0 
- 1 (mm) (ASA lathe tool designation). Grinding of 
the tools was done on Tool and Cutter Grinder. When- 
ever required a steady current was passed through the 
solenoid to magnetise the tool. Flank wear was mea- 
su rod with and without magnetic field and gain factor 

G (= • — ) calculated. Measurements of the flank 

o 

wear were done using a. travelling microscope with a 
least count of 0.02 mm. 

It was found that the wear of the mild steel 
tools was always increased when cutting ms done in 
presence of magnetic field. Every reading ms repea- 
ted five times to put this observation on a firm 
footing. The net wear was calculated as the average 
of the five readings. Gain factor G was calculated 
from the so average values. These observations of flank 
wear are shorn in Table 5«3» 

It was observed that as the cutting velo- 
city was changed the gain factor G varied in the manner 
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shown in Figure . 5 • 1 0 . It can "be observed that G 
is throughout a negative quantity. Also, as speed 
increases, the magnitude of G also increases. But, 
alter reaching a. maximum value of ^,4-7 at a speed of 
^■100 m/min . , the gain factor G decreases in magnitude 
as speed is further increased. 

The. general features of the curve are the- 
refore tallying with the the ore tidal predictions pre- 
sented in section if. 1 *.' 

5.2.8 Rubbing of Ferromagnetic Tools 
Against a Non-magnetic Job. 

This test was conducted essentially to 
confirm whether the kind of results obtained in the 
previous test are restricted to cutting operation 
only. It was also necessary to check whether the 
effect was duo to the particular combination of 
materials or not. In this test therefore, identical 
mild steel tools were rubbed against a brass cylin- 
der. Similar, but different tools than those used 
in the cutting test were used in this test. Rubbing 
was always done against a fresh surface as shown in 
the general experimental set up shown in Figure. 5*9&» 
A constant load of 12.0 kg was applied to the tool 
by means of a spring balance. Table 5 •*+ gives the 
magnitude of the flank wear of the rubbing tools ob- 
tained in this test. The gain factor G was calculated 
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again in the same manner as discussed in the preceed- 
ing section. The results of this test are shown in 
Figure 5*11 • These results are in good agreement with 
those obtained in the earlier test as well as the 

i 

theoretical predictions of section b.b. 

This test therefore, clearly demonstrated 
that application of magnetic field to a sliding pair 
results in greater wear of the ferromagnetic body. 

5.2.9 Rubbing of Ferromagnetic Pins Against 
Non-magnetic Surface 

In this kind of test three separate series 
of experiments, mentioned below were conducted. 

5. 2. 9.1 Rubbing of mild steel pins against a brass 
cylinder 

5. 2. 9. 2 Rubbing of pure iron pins against a brass 
cylinder 

5. 2. 9. 3 Rubbing of pure nickel pins against a brass 
cylinde r . 

These above mentioned tests were performed in an 
identical manner. The pins were mounted firmly in a 
holder designed for the purpose. The general experi- 
mental set up, common to all these tests is shown in 
Figure 5*9^* It can be seen .from this figure that the 
manner of the contact between the pin and the cylinder 
was suc’h that their axes were normal to one another. 










As in the previous tests in these tests also rubbing 
was performed at various speeds and at a feed rate of 
.05 mm/rev. The shape of the wear scar produced on 
those pins was elliptical as can be easily visualised 
from the geometrical configuration of the contact. 
Photograph of such a typical wear scar is shown in 
Figure 5 , 12 , The volume of wear removed from the pin 
in such a contact is proportional to the fourth power 
of the major axis of the elliptical scar on the pin 
(Appendix). The values of the major axis of the 
wear, scar obtained in these rubbing experiments are 

sho^n. in Tables 5*5 - 5.7. 


Thus in those •experiments the gain factor 

| w % 4 

G was calculated as 
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In all these experiments, the gain factor G turned 
out to be a negative quantity. Also, the variation 
of G with the rubbing speed has the same trend as 
seen in the case of mild steel tools rubbing or quttimg 
a brass cylinder or an aluminium job, respectively. 

This -can be seen from Figures 5.13 - 5 . 15 . Other 
features relevant to the particular experiment consi~ 
dorod are also shown in those figures. Ihe measurements 
of these wear scars was done on an Optical Projector. 
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Fig. 5-12 Photograph Of Typical Wear Scars. 
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TABLE 5.5b 

RUBBING OF MILD STEEL PINS AGAINST BRASS CYLINDER 
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5.2.10- Rubbing of Ion-magnetic Specimens 
Against a Ferro-magnetic Body 

This test was conducted essentially to 
verify the hypothesis put forth by the author in 
section 4.3. In this section it was postulated that 
the increased probability of failure on one side of 
the asperity Junction should lead to decreased pro- 
bability of failure on the other side. Correspondingly, 

* 

the application of an external magnetic field should 
reduce the wear rate of the non-magnetic body. To 
test this postulate large number of brass pins were 
rubbed against a mild steel cylinder .at various 
speeds. The pins were rubbed with their ends pressed 
against the mild steel cylinder. The mild steel cy- 
linder was magnetised by means of the solenoid moun- 
ted on it. These details of the experimental set up 
can be studied in Figure 5«9 C . 

The wear of the pins was calculated as the 
difference in weight of the pins before and after 
rubbing. The weight was found by means of a micro 
balance which had a least count of + .00005 gms „ The 
loss in weight of -these pins at various speeds is 
given in Table 5j3,and plotted in Figure 5.16. 

In this experiment an interesting trend of 
the gaip factor 0 ms observed. Upto a certain rub- 
bing velocity the gain factor was positive. But, 
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beyond this velocity the gain factor had a negative 
value. It is interesting to observe that the nega- 
tive value 01 gain factor G is achieved only at 
higher speeds while at lower speeds it is positive 
as postulated by the model in section 4-«5» 

The negative values of gain factor G can 
be explained as follows : 

As the- speed increases the diffusion of iron 
into the brass pins increases. Therefore larger and 
larger chunks of brass can be removed as post ula ted 
in section 4-. 5. When a magnetic field is applied to 
the asperity junction at these high speeds, the diffu- 
sivity of iron is further enhanced. This leads to 
further increase in the depth * d* of the fracture zone 
Ci X^ C 2 shown in Figure 2.10. Consequently, even 
though the probability of fracture . initiation has in- 
creased only on the side of the ferromagnetic body., 
the net weight lost by the no'n-magnetic body has in- 
creased considerably. This loads to the negative gain 
factor for the non-magnctic body, II at these high 
speeds. This crossing over of gain curve from posi- 
tive side to the negative side was explained in 
section The results of this experiment there- 

fore, agree well with the argument presented in that 


section. 



The preceeding discussion relating to the 
possibility of negative gain of non-magnetic body, II, 
is further illustrated through the following calcula- 
tions . 

Equation may be re-written as, 

G II = 1 “ i^(1 + /\ G j) (5*2) 

where, represents the factor n^ / nSj . 

The values of Gj^ at various speeds can thus be eva- 
luated for known values of' A. P and Gj. The esti- 
mation of the ’mechanical interaction factor’, , 
is apparently not so straight forward. It should, 
in general, depend upon the hardness ratio of the 
two bodies, their diffusion characteristics, bonding 
affinity as well as their fatigue strength. There- 
fore, it varies with temperature. Also, its magni- 
tude should be always less than unity. And it should 
increase as the sliding velocity (and so the tempe- 
rature) increases. In the absence of exact calcu- 
lations, ^ , can be taken to be constant. 

Sample calculations of G-j-- for two different 
values of X have been made. These calculations are 
presented in Tables 5*9 a an h 5*9h. The values of 
Gjj shorn in this table, have been taken to be those 
found for the mild steel pins rubbing against brass 
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Calculation of gain factor for tody II, Gjj, using Equation 5.2 
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Table 5 * 9 b 

Calculation of gain factor of body II, G^, using Equation 5,2 
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cylinder (Figure 5.13). Values for are calculated 
using Equation 4.k6 and idle values for dislocation 
densities given in Table 4-.1. The calculated values 
°f Gjj for the two known values of X are plotted 
in Figure 5*16 along with the experimentally observed 
values . 

It is interesting to observe that the es- 
timated curves for have the same nature of 
variation as the experimental curves have. This is 
inspite of the fact that the experimental values of 
Gj used in the estimation of G^^ arc obtained from 
independent experiments. Also, the experiments for 
Gj (Table 5*5 a - Figure 5.13) and G-^ (Table 5.8 - 
Figure 5*16) have not been conducted under exactly 
identical conditions. It therefore, appears that 
If experiments were conducted under controlled con- 
ditions and the wear of both the bodies measured 

/ 

simultaneously, a very close agreement between 
(experimental) and Gjj (estimated) would be expected. 
This could also lead to an estimation of the ’mecha- 
nical interaction factor 1 ,X ? if [' as known. 

It is obvious from Equation 5.2 that a 
decrease in )\ would influence Gjj in a manner simi- 
lar to that of an increase in P . Both these 
effects produce the effect of reducing the gain of 
body II (which is normally positive). At higher 



speeds, however, the increase in P results in ne- 
gative gain of hodj'-, II. Decrease in A i s seen 
to he having an identical effect. The effect of X 
on gain of body II, Gj T .is also postulated by Equa- 
tion 2.37 which' relates the depth of fracture zone 
1 d* , in body II, to (3-^ which is a measure of hard- 
ness of body I. If X is also considered to be 
primarily related to hardness only, then the effect 
of ' i/A * on ’d' is same as that of As seen 

from Equation 2*37, an increase in ^ increases 
1 d' . So, a decrease in A also should increase ' d ! , 
the depth of fracture zone in body II. Consequently, 
for the same effect' of magnetic field a decrease in 
X would further increase the negative gain of 
body I at higher speeds. This is seen in Figure 
5.16, wherein the G^ (estimated) curve for A— 0.25 
is lower than G-^ (estimated) curve for A= 0.30. 

While it may not be justified to extend 
these conclusions too far, nevertheless, the results 
of this section confirm that the 1 complimentary 1 
nature of adhesion wear postulated in section 4.4 
is realised in actual rubbing of bodies. 



, 5*2.11 Rubbing Under Reduced Magnetic 

Field Strengths 

According to the theoretical model presen- 
ted in section 4- ,.4, if a magnetic field of lower 
strength is applied to the sliding pair , the magni- 
tude of the gain factor is reduced. Also, at reduced 
magnetic field strengths there is a shift in the 
location of the maxima of gain factor G. The point 

t 

of ma xi ma is shifted towards lower velocity side. 

This was shown in Figure 4.l4d. 

To test these two hypothesis author repea- 
ted some tests described in section 5*2.9 j under 
reduced magnetic field strength. A field strength 
c-a125 Oe was employed in those tests. All other 
features of the tests remained essentially unchanged. 
The results of these experiments are given in Tables 
5, 5b and 5.7b and shown in Figures 5* "13 and 5* 1 5* -^4 

can be observed that both of the theoretical postula- 
tes mentioned earlier stand confirmed by these expe- 
riments. The magnitude of the gain factor 0 has 
reduced. Also, the optimum point on the gain curve 
has shifted to the lower velocity side. 



• CHAPTER VI 


CONCLUSIONS 

Eased on the results and. discussions in 
the preceeding chapters the following conclusions 
can be drawn. 

(i) A steady magnetic field of the order of 

few hundred Oersteds has no significant effect 
on the bulk properties of the ferromagne- 
tic materials. 

(ii) Application of external magnetic field 

reduces the internal stress and the yield 

stress. For saturation level, reduction 

in internal stress is of the order of 
o 

0.5 kg/mm . 

(iii) The reduction in internal stress causes 
considerable enhancement in dislocation 
velocity. This enhancement causes a 
difference in the dislocation density at 
the notches of a deforming asperity junc- 
tion during a small interval of time 
(10-5 _ 10 “ 6 secs.) after the application 
of the magnetic field. 

(iv) The enhancement of dislocation density can 

increase the probability of crack initiation 



ill a. "body. Since the life, of asperity 
junctions is usually ^ 10"^ - 10~ 6 secs., 
such an influence "becomes effective and 
observable . 

(v) In the 'adhesion wear' of a sliding pair 

the magnetic field enhances the probability 
of crack initiation on the side of the body 
which has a higher permeability. This 
leads to the increased rate of wear of that 
body. This, consequently, leads to the 
decreased rate of wear of the other body. 

(v±) An external steady magnetic field of few 
hundred Oersteds does not seem to have 
any influence on the diffusivity of a 
ferromagnetic bodjr when the body is not 
under dynamic strain. But, in a deform- 
ing asperity junction the diffusivity is 
enhanced, during a small time interval of 
10 J - 10 secs, after the magnetic field 
is applied. This also influences the wear 
characteristics of a sliding pair quite 
s ignif icantly . 

(vii) In a bimetallic junction the magnetic field 
enhances the wear rate of both the bodies , 
At high speeds, where the effect of diffu- 
sion is prominent a negative hardness 



e% 

fa 


gradient of considerable magnitude may 
be created in the softer body. This re- 
sults in significant changes in the 
'adhesion wear' characteristics of the 
sliding pair. 


% 
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APPENDIX 
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Figure A. 1 shows a pin of radius r rubbing 
against a cylinder of radius r Q in the manner employ- 
ed in the experiments described in section 5.2.5. At 
any instant after the rubbing has started the dimen- 
sions of the elliptical wear scar would be d 0 , dj-, 
where d Q is the major axis and d ± the minor axis of the 
.wear scar. This is snown in Figure A. 3* From Figure 
4,1 it can be seen that, 
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“2 = r c siny o (A«1 ) 


Also, from Figure A.^ 
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2 in Figure A *2. 
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~ s 2 - 2 ) is estimated as 

follows 
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Substituting the Equations A.lA and A.lS into Equations 
A. 10 and A.11, the area d A can be calculated to be 


d A g = r 2 / '( — ) - (r p - y) / _ 2"r p y (A. 16) 
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Nov, the value 7 may be obtained In terms of 
V and V|/ q as follows . 

From Figure A.1, magnitude of 7 is given b 7 
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Substituting the above value of y 3/ 2 in Equatlon ^ 

the value of the elemental volume dec comes out to be, 
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The volume of wear associated with the entire shaded 
sector 0-2’ -I* - 2" is therefore, 
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From equation A. 6, h Q = 2 r c iy 
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For the baffle and. r c , tlie volume of wear of pin with 
and without magnetic field may therefore be written as 
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and, Wj = const., 
where constant s 

II 

and Wj = volume of wear of pin (body I) in presence 
of magnetic field. 

Wj = volume of wear of pin (body I) in absence 
of magnetic field. r 

Therefore, the gain factor Gj in this case is calculated 
as 
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major axis, d Q , oi the wear scar wnen no 
magnetic field is applied to the pin 

major axis, d Q , of the wear scar when 
magnetic field is applied to the wear 


sca.r. 



